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1.0 INTRODUCTION

Hughes Aircraft Company, under contract with USA CORADCOM,

Ft. Monmouth New Jersey, is pursuing the txploratory development of

a fiber optic cable payout dispenser capable of high speed payout of

long lengths, up to 10 km, of fiber optic cable. The Electro Optical

Products Division (EOPD) of ITT (International Telephone and Telegraph)

is serving as a major subcontractor to Hughes Aircraft Company in this

development and is responsible for the development of the fiber optic

cable and for special instrumentation equipment to be used during

future rocket sled payout tests. This report, coming at approximately

midpoint of the contract, summarizes the progress accomplished and the

current status of the program.

Program results continue to be very encouraging in terms of

meeting the technical objectives. Fiber optic cables, which appear to

satisfy the optical requirements when wound on a spool for payout,

have been fabricated and tested. Successful payout tests of short

lengths to 1. km have been conducted with peak payout speeds at

approximately 90 percent of the objective. To date nothing has been

encountered that would raise question regarding the feasibility of high

speed payout of long lengths of fiber optic cable.

..... ... ........ ,-- 1



2.0 TECHNI4CAL SUMMARY

I

The program for the development of a high strength rapid payout

fiber optic cable assembly which is being conducted by Hughes Aircraft

Company under contract to CORADCOM is approximately at its midpoint. This

report provides a summary of effort to date and an assessm, . of the overall

feasibility of accomplishing the objectives of the program.

At the outset oi the program, two major areas of technical risk were

recognized. These are (1) the development of a fiber optic cable with suf-

ficiently low intrinsic signal loss and with sufficiently small sensitivity

to microbending loss due to the spooling stresses so as to satisfy a

requirement of 60 dB for overall signal attenuation for a 10 km spooled

length, and (2) obtaining adequate strength in the fiber optic cable to

withstand the mechanical stresses associated with winding, storage, and

payout. Both of these areas of technical risk are stated in terms of

requirements on the cable. It should be recognized, however, that there

is a very strong interaction between the cable requirements and the

design of the wound dispenser. Achieving success in either of these areas

of technical risk can be accomplished only by careful and coordinated

effort in terms of improved cable design and fabrication coupled with the

definition of bobbin design parameters which minimize the demands on the

(able in terms of signal attenuation loss and strength.

This development program is structured into three phases. The

completed first phase consisted of a rather broad investigation of cable

and dispenser design alternatives with the goal of selecting two designs

to be carried forward into the subsequent phase. The investigation of a

minimum of five designs was called out; a total of 14 design configurations

have been evaluated. A design consists of the combination of a particular

cable cotifiguration with a particular bobbin geometry; changing either

cable or bobbin design parameters comprises a new design. During the

initial phase, rather short lengths of cable were involved (from 0.5 to

about 1.0 km). The second phase of the program, which is now in process,

2-1



3.0 CABLE DEVELOPMENT

Cable design and development efforts have been performed at Lhe

Electro Optical Products Division of International Telephone and Tele-

graph on a subcontract basis.t The results obtained to date have

involved almost exclusively cable produced by ITT. A decision has been

made to proceed with ITT-supplied cables for the remainder of the program;

this report will describe the results of the ITT efforts.

3.1 CABLE DESIGN

The design of the fiber optic cable consisted of optimizing the

transmission, mechanical and environmental properties of optical fibers

specifically for payout purposes. The important data transmission proper-

ties of a missile control link fiber are low loss (less than 6 dB/km),

small core to reduce bending losses (25 pm diameter), large numerical

aperture (0.27 to 0.30), and minimum dispersion (2 ns per km at 0.9 pm).

The important cable mechanical properties are high tensile strength

(1380 N/mm 2 ) at long lengths (up to 10 km), coating concentricity

(tmin/tmax >0.67), coating roundness (dmax - dmin <0.0001), and an

average diameter of 0.012 ±0.001 inches (305 ±25 um) where dmax = maximum

cable diameter, dmin = fiber glass diameter tmax = maximum coating thick-

ness and tmin = minimum coating thickness. The important cable environ-

mental properties are minimum high and low temperature effects on strength

and attenuation, minimum effects of humidity on tensile strength and

maximum fungus-growth resistance.

Cable development efforts have been directed toward the design of

a small diameter cable with specific parameters tailored for the payout

application. The initial design goal for cable diameter was 254 iim

(0.010 in.). Because of early difficulties in obtaining suitable attenua-

tion properties, the objective for cable diameter was increased to

t Hughes Research Laboratories, on an unfunded basis, has contributed

samples from an ongoing effort to develop high strength metallic

coated optical fibers.
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305 Pm (0.012 in.). In addition a special cable with a diameter of

380 pm (0.015 in.) was designed and tested. The result of this effort

was two basic Preliminary Design Model (PDM) cable configurations with

tvo variations of one of these configurations. Figure 3-1 illustrates

the cross section, nominal dimensions, and structure of the 380 pm

(0.015 in.) diameter cable. This cable was similar in structure to a

standard production cable, but with reduced diameter of both the core

and fiber diameters. The dimensions of the Sylgard RTV and Hytrel coat-

ipgs were scaled to provide the overall diameter of 380 4m (0.015 in.).

The second design, illustrated in figure 3-2, involves a cable diameter

of 305 pm (0.012 in.). This cable utilizes a 100 pm (0.004 in.) fiber

with small diameter (25 - 30 pm) core and a single coating as a buffer.

Several coating materials were investigated and two, rolyene-polythiol-

ester (WCC-2) and an epoxy acrylate (DeSoto 8), were found to have suit-

able properties. The basic cable geometry is similar to either of these

coatings.

In addition to the two special cable configurations, a standard

production cable, 500 pm (O.020in.) in diameter with a fiber diameter

of 125 pm (0.005 in) and a core diameter of about 55 Um was evaluated.

This standard production cable is illustrated in figure 3-3.

HYTREL

RTV

300 CORE

CLADDING
25-30 u

Figure 3-1 Cable Design "A"
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COAI TN(;

Jim pm -CORE
CLADDING

*Alternate coatings:

WCC-2 -Design B1
DeSoto 8 -Design B2

Figure 3-2. Cable Design "B"

HYTREL

RTV

500 pm 305 p.m 125 Pm 55 Um CORE

CLADDING

Figure 3-3. Cable Design, Standard ITT Fiber
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3.2 PREFORM DESIGN

Preform development was concentrated on achieving a core diameter

of 25 pm core in a 100 pm diameter fiber, a numerical aperture (NA) of

0.3, a loss of <6 dB/km, and a dispersion of <2 ns/km. The approach has

been to modify, as needed, the techniques currently in use at ITT EOPD

for fabrication of low loss 55 pm core graded index fibers. This was

done by adjusting the fabrication conditions and the core and cladding

glass compositions. Experimental preforms were produced with NA values

ranging from 0.2 to 0.35 and with core diameters ranging from 20 to

40 im. After the conditions were established to achieve an NA = 0.3

and a core diameter = 25 pm, the refractive index profile was optimized

to achieve the desired loss and dispersion values.

3.3 DRAW PROCESS

After the preform has been fabricated, it is mounted on the pre-

form feed mechanism of the fiber draw tower. A schematic of the fiber

drawing equipment is shown in figure 3-4. Oxy-hydrogen torches are used

as a heat source to raise the temperature of the preform tip to the

point where it can be drawn into fiber. As part of fiber strength

preservation techniques, both the hydrogen and the oxygen supplied to

the torches are filtered through a 0.1 pm particle filter prior to

entering the torches.

A Milmaster SSE-5R diameter monitor along with an SEC-I closed

loop feedback process controller were used to monitor and control the

fiber OD just below the melt zone. Diameter control on fibers drawn

from preforms developed for this program was maintained to within ±3

percent with this system.

Just below the diameter monitor, the jacket material is applied

by dipcoating. Concentricity of this coating is maintained by two means:

(i) alignment of the dipcoater orifice with the fiber which centers the

fiber in the dipcoater before the coating material is added; and (2)

monLtoring the viscosity of the coating material. The viscosity of

3-4



I-

PREFORM

HEAT SOURCE

DIP COATER UV IRRADIATION WITH

DRY NITROGEN ENVIRONMENT FOR UV-CURED COATS
(REPLACED CURING OVEN FOR THERMAL-CURED RTV)

EXTRUDER /PROOF TESTER
/FOR HYTREL

on TAKL-UPl
SPOOL_

QUENCHING SYSTEM

Figure 3-4. Schematic of Fiber Drawing Equipment
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UV-curable resins is temperature dependent. If the resin viscosity is

properly maintained, and the dipcoater is well centered around the fiber,

the fluid pressure of the viscous resins helps to center the fiber within

the coating.

After the coating has been applied, it is immediately cured by

exposure to UV radiation. A filtered nitrogen atmosphere is provided

around the fiber as it passes through the UV irradiator to promote a

higher cure rate. After the coating is cured, the fiber is proof tested

at the specified level (see section 3.5) and taken up on a plastic spool.

The fiber is respooled on a metal spool supplied by Hughes before it is

sent for optical evaluation.

The draw procedure,as shown in figure 3-4, for fibers coated with

silicone RTV and Hytrel is the same as that for UV-cured fibers except

for the following:

a. Since the silicone RTV is thermally cured, a curing oven is
used in place of the UV irradiator. The RTV is cured in
ambient atmosphere.

b. The Hytrel secondary coating is applied by tube extrusion
after the fiber exits the silicone curing oven and before

the fiber is proof tested. It is quenched by the use of
a water bath, and immediately dried using a high pressure
air wipe.

3.4 FIBER COATING MATERIALS AND TECHNIQUES

The following coating materials and coating approaches were chosen

!or evaluation as protective coatings for the proposed fiber optic cable

(cesign: Silicone-Kynar, UV-curable resins, Isonel 200D, direct extrusion

(f polymers, and dip-coating. In selecting suitable protective coatings,

there are some properties which are quite important and others which are

tnimportant. So far as cable strength is concerned, it is important that

the coating elongation at failure is greater than that of the glass fiber.

' lis insures that the glass will fail before the coating. The modulus of

i.hv coating tends to have little effect on cable strength since the glass

,arries the bulk of the load. Typically, the modulus of elasticity for
Forganic or silicon plastics is on the order of a few hundred pounds per
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square inch, while that of fused silica is about 107 psi. For the

coating to share one half of the load, the cross-sectional area of the

coating would have to be 25 to 50 times the area of the glass. Sinco,

in the configurations of interest the ratio of ccatlng area to glass

area is about 8, it is clear that the coating modulus will have little

effect. It is important, however, that the integrity of the coating

be maintained. Any failure of the coating in payout will almost certainlr'l

result in a failure of the cable.

A summary of the results of the investigations of the various

coating materials is as follows:

Silicone-Kynar. This approach was to provide a soft inner

cushion (a silicone layer, applied by a dipcoating technique and cured

thermally) and a hard, well-finished, tack-free outer coating. However,

this approach was not investigated in detail because of associated

problems in obtaining a smooth, uniform coating of Kynar dispersions.

UV-Curable Resins. UV-curable resins have been employed as a

protective coating for optical fibers. A range of UV-curable resins,

namely urethane acrylates, epoxy-acrylates, polyene/polythiol esters,

urethane/epoxy acrylates have been attempted. The object was to obtain

a single coating which would provide the required mechanical and environ-

mental protection. The coating should also provide a well-finished,

smooth, tack-free surface required for high-speed payout tests. Two

UV-curable resins were chosen from several that were investigated as

the candidate coating materials for the fibers. This selection was based

on the desirable mechanical and optical performance of the coated fiber.

The details f these two coating materials are listed in table 3-I.

Isonel 200 D. Isonel-200 D, a thermally curable, polyurethane

was also investigated. This is a typical enamel coating used for coat-

ing copper wires and contains glycol ether as a solvent with some aromatic

hydrocarbon dilutents. This composition has about 15 percent solvents.

On-line coating of optical fibers with this material did not give

promising results. The maximum thickness of coating that can be cured
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in one pass is about 1/6 of a mil. A large number of passes is required

to build a minimum coating thickness to provide the required mechanical

and environmental protection. In the process of coating, in such a

multiple pass coating system, the fiber strength will be greatly reduced

which is not desirable. Hence, further evaluation was discontinued.

TABLE 3-1. DETAILS OF COATING MATERIALS

} IModulus

Viscosity Tensile Elongation at 1%
Chemical CP Strength at Break Elongation Refractive

"1 ter [aI Nature (at 28 C) (PSI) (1%) (PSI) index

WCC-2 Polyene/ I 4000 1500 30 100,000 =1.5
('w. P. Polythiol I

GI-aL!e ( Ester
S.Co.)

DSoto 8 Urethane/ 6000 4500 15 63,000 1.535
(DeSoto Epoxy
lci.) Acrylates

Direct Extrusion of Polymer. This procedure of forming a protec-

tive coating was not investigated in depth because preliminary evaluation

has shown that the fiber loses its initial high strength during the

extrusion process. A tube extrusion method was employed. During extru-

Ion, the bare fiber has to be aligned in the cross-head. On-line

centering of a drawing fiber in the extruder is a difficult task to

perform. Any excursions of the uncoated fiber from the extruder center-

line causes glass abrasion and thus results in greatly reduced fiber

strcngth.
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Dip-Coating Technique Employed. A dip-coating technique, using

a flexible nozzle, was employed for on-line coating of the fibers with

both Silicone RTV and UV-curable resins. A concentric coating was

obtained by adjusting the position of the dip-coater nozzle. The con-

centricity is retained throughout the draw by the dynamics of the dip-

* coater nozzle design and the maintenance of a constant viscosity of

the coating material. The concentricity was checked during the draw,

using a microscope to observe the coated fiber in two perpendicular

7 directions at 900 and normal to the axis of the fiber. The thickness

of the coating was controlled by the diameter of the flexible nozzle

orifice.

A Fusion System UV lamp with a variable power supply was used

to cure the UV-cure resin coatings. The lamp delivers a power of

300 watts/inch of the lamp at full power setting. A nitrogen purge

was used to increase the cure rate. The fiber runs parallel to the

lamp system and is exposed to a maximum total UV energy of 3000 watts

at any given time. Figure 3-4 shows a schematic of the drawing-curing

process.

* 3.5 CABLE EVALUATION

The manufactured cable was evaluated for conformance to specific

optical, mechanical and environmental performance requirements that

were considered important and necessary for cable success.

Optical Cable Evaluation. Prior to delivery of each of the PDM

cables, several optical parameters were measured; included were optical

signal attuation, pulse dispersion, numerical aperture, and the diameters

of the fiber and core. The evaluation provided not only a quality assur-

ance check to insure the quality of the cable, but also provided base-

line data to determine the effects of winding upon the optical parameters

of the cable. The test procedures used were consistent with DOD-STD-1678.

dated 30 November 1977. The numerical aperture data was obtained by

measuring the included angle of a cone containing essentially 100 percent

of the output energy from a 1 meter test length.
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The data obtained for the three types of cables investigated is shown

in tables 3-11 and 3-111. The test methods and procedures are described in

a Test Plan submitted to Hughes under separate cover.

TABLE 3-I1. OPTICAL DATA

Maierial Fiber OD Loss Dispersion NA Size Remarks**

(mils) (dB/km) (ns/km) Gm)

Borden 5.0 9.95 0.99 .33 55 x 57 Poor Quality
Preform
Spooled

DeSoto 8 5.0 7.87 0.59 .20 53 Spooled

WCC-2 4.0 4.46 0.69 .24 43 Spooled

Hughson 4.0 4.96 1.07 .30 43 Spooled

WCC-2* 5.0 5.27 1.76 .28 54 x 56 Spooled

WCC-2* 5.0 4.26 1.25 .28 54 x 56 Strung

*Indicates same fiber.

**Snooled - These fibers were measured on their shipping spools.

M, tiple cross-overs and sufficient winding tension is used to

prevent fiber movement during shipment

Strung - These fibers were measured while strung between two

12-inch diameter drums with a centerline distance of seven
meters. This evaluation procedure eliminates spooling loss

and is a true measure of the attenuation without bending losse..
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"II

TABLE 3-111. OPTICAL DATA

WCC-2 UV-CURED PRIMARY JACKET, HYTREL SECONDARY JACKET

With WCC-2 Jacket Only:

*Spooled 5.27 dB/km, 1.76 ns/km

**Strung 4.26 dB/km, 1.25 ns/km

With Hytrel Secondary Jacket:

Spooled 5.57 dB/km, 1.34 ns/km

Strung 5.01 dB/km, 1.08 ns/km

NOTE: A 300 meter piece was proof tested
to 200 kpsi without breaks.

*Spooled - These fibers were measured on their shipping

spools. Multiple cross-overs and sufficient winding
tension is used to prevent fiber movement during
shipment.

**Strung - These fibers were measured while strung
between two 12-inch diameter drums with a centerline
distance of seven meters. This evaluation procedure
eliminates spooling losses and is a true measure of
the attenuation without bending losses.
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Mechanical Evaluation. All fibers were subjected to a proof test

oi-!ne as the fiber was being drawn. This means that the entire length

of the fiber was subjected to a tensile load which produces a known

tensile stress. This procedure eliminates weak sections of fiber if

they exist. Any portion of fiber which does not have a tensile strength

greater than the proof test stress will break at the proof tester. The

proof test level that was employed for the fabrication of the missile

payout fibers was 200 kpsi (1380 N/mm2 ). Some of the proof testing was

done on-line with the fiber drawing equipment, and other testing was

done off-line. The test setup is illustrated in figure 3-5. The load

buildup occurs in about 0.5 seconds, the interval during which the proof

load is applied is about 1 to 2 seconds, and unloading in about 0.5

Seconds.

When the desired cable design was established, a plastic clad

silica (PCS) fiber was drawn for strength evaluation. This fiber was

drawn from a solid Suprasil 2 rod (synthetic high purity SiO 2 ) with a

fiber OD of 4 mils and a jacket OD of 12.5 mils of UV-cured WCC-2. This

was done to simulate draw conditions as they would be with a CVD preform

required to achieve the established design. The PCS fiber was on-line

proof tested at 200 kpsi; and one continuous piece 4854 meters in length

was produced.

siber from Draw Machine Fiber to Take-up

or Pay-off 0 Spool

Capstan High Adjustable Torque

Tension Tension Drive Wheel
Region

Figure 3-5. Strength Proof Test Setup Drawing
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This draw established the fact that a fairly long length ofi fiber can be produced which can pass the 200 kpsi proof test. After

the draw, short gauge length (2 meters) dynamic strength tests were

performed on two sections of the fiber, one set at the start of pull

(SOP) and the other at the end of pull (EOP). Table 3-IV summarizes

the numerical results. In these tests, the load was applied by intro-

ducing a constant strain rate of 20 percent of the initial length per

minute. At this strain rate, approximately 6 seconds are required to

reach a load of 200 kpsi.

TABLE 3-IV. WCC-2 COATED FIBER STRENTH SUMMARY

Fiber Portion SOP EOP

Load Rate (% elongation per minute) 20 20

Maximum Strength (kpsi) 929 947

Minimum Strength (kpsi) 785 748

Mean Strength (kpsi) 838 852

M Value (Weibull parameter) 59

Figure 3-6 and 3-7 are Weibull plots of the data for these two

sets of dynamic strength tests. Both ends of this fiber were very strong

and these results should be typical of fibers drawn and jacketed in this

manner as long as high preform quality is maintained. However,

occasional rare flaws (weak spots) will still be encountered as the

length of the fiber increases.

Static Fatigue tests were performed on early fibers coated with

DeSoto-8 and WCC-2. Testing was done by the mandrel method, in which

the fiber is carefully wound onto a precision mandrel causing a known

bending stress on the fiber. The elapsed time until the fiber breaks

is recorded.
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Th stress applied to the fiber can be calculated from the equation:

S Er
S R+ r + t

where E = Young'% modulus for SiO2 glass
R = mandrel radius

r = fiber radius
t - jacket thickness

A plot of log stress versus log time to failure tends to give a

straight line, the slope of which is the fatigue value, N. A high N

value is desirable for better fatigue resistance. N values for the
three jacket materials evaluated in Phase I are as follows:

Silicone RTV + Hytrel N = 20-22

DeSoto 8 N = 19-20

WCC-2 N = 30-35

Figure 3-8 shows a comparison plot of fatigue data for these

materials. It may be noted that the data points do not all fall on the

lines. Considering the statistical spread in the data and the small

number of samples at each stress level, the departures from the straight

lines are not believed to be significant.

Environmental Testing and Results. The key qualifying environmen-

tal tests performed on the preliminary design model (PDM) cables were high

and low temperature versus attenuation and dispersion, tensile strength

following humidity, and fungus g-owth in accordance with MIL-STD-810C.

High and Low Temperature Versus Attenuation. Sufficient lengths

of coated fiber optical cables were subjected to the high and low tempera-

ture tests in accordance with MIL-STD-810C, Method 501.1, procedure II and

Method 502.1, procedure I. One sample of each different coating material

was evaluated. The cables were loosely coiled into a 12-inch diameter loop.

Tahle 3-V shows the results of that testing. In a similar experiment per-

formed by Hughes on ITT fibers wound on a metal bobbin, the attenuation did

not change either at low or high temperatures. These results are discussed

in section 4-4.
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TABLE 3-V(a). EFFECT OF TEMPERATURE ON ATTENUATION CONSTANT DB/KM

Cable Sample Elapsed Time (Hrs)0 7 0 11.5113 .25 1 -26, 37.5
Serial Coating _ Temperature (°C)
Numberii

Nubr25[ 49 51 25

EG20537 WCC-2 7.48 7.06 7.92 7.84 7.79 8.35 7.2

EG20592D Sylgard 3.57 3.45 4.19 3.91 4.02 8.73 4.03
& Hytrel

EG20542 DeSoto 8 3.98 4.6 4.54 4.70 4.59 6.59 4.29

TABLE 3-V(b). EFFECT OF TEMPERATURE ON PULSE DISPERSION NS/KM

Sample Elapsed Time (Hrs) 1
0 7.0 15 26.5 37.5

Serial Coating . ... _ Temperature (°C)

Niumber 12 4 ~~jJ 2 5 ~ ] 2... .. .. 25 25. - L 25.. .

tG20537 WCC-2 2.53 - 2.35 - 1.85 2.21

1%G20592D Sylgard 0.79 - 0.71 - Note 0.55
& Hytrel 1

EG20542 DeSoto 8 1.01 - 1.19 - 0.85 0.69

Note 1. This value dropped below the minimum acceptable range as
defined in DOD-STD-1678, method 6050-2, 4.6, step 6; hence considered

too small to measure accurately with technique employed.
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Post Humidity, Tensile Strength. This test was performed in accor

dance with method 507.1, procedure II of MIL-STD-810C. Three samples, one

of each different type of coating, were placed in a test chamber and sub-

jected to the following temperature cycle:

- Steps

a. Increased chamber temperature from +860 F to 1490 F in four hours

b. Maintained +140 F for eight hours

c. Decreased from 1490 F to +860 F in four hours

d. Maintained +860 F for 21 hours

e. Decreased from 860 F to +680 F in one hour

f. Maintained +680 F for four hours

g. Increased from +680 F to +860 F in one hour

h. Maintained +860 F for five hours.

The samples were subjected to five continuous 48-hour cycles as described

above. The relative humidity was maintained at 95 ±4 percent during this

test, except not less than 85 percent during the descending temperature

periods. Following the temperature/humidity cycling, preconditioned 80-inch

samples of optical fiber cables were subjected to tension tests. The ten-

sile test was repeated on three samples from each cable type. Only one

non-related break occurred outside the tensioning apparatus. The results

are presented in table 3-VI.

Fungus Growth Resistance. The fungus test was performed on each cable

type for MIL-STD-810, Method 508.1, procedure I. Prior to the start of the

fungus test, the optic fiber samples were cleaned with isopropyl alcohol.

The samples were then placed in the fungus chamber and sprayed with pre-

viously prepared and tested fungus culture. The test chamber was maintained

at +860 F at 95 percent relative humidity for 28 days. Only the DeSoto 8

coated material showed light to heavy, spotty growth. The other two samples

showed light and very light scattered growth for the WCC-2 and RTV-Hytrel

coated samples, respectively. Cable optical and mechanical performance was

not degraded as a result of fungus testing.
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TABLE 3-VI. POST HUMIDITY TENSION TEST RESULTS

' Test

Cable Tension Stress Duration Remarks

(Ibs) (ksi) (min)

EG20542 (1) 3.77 200 3 No breaks*

EG20542 (2) 3.77 200 3 No breaks

EC20542 (3) 3.77 200 3 No breaks

IG20537 (3) 2.30 200 3 No breaks

IG20537 (2) 2.30 200 3 No breaks

LC20537 (3) 2.30 200 3 No breaks

1i;20592D (1) 2.65 200 3 No breaks

WG20592D -(2) 2.65 200 3 No breaks

EG20592D (3) 2.65 200 3 No breaks

*NOTE: Fiber broke outside test section while being removed from
tensioning apparatus.
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3.6 STATIC FATIGUE CONSIDERATIONS

The tests which have been conducted to date have not specifically

* examined the question of static fatigue of the cable when wound on a

bobbin. There has been one test result which, by accident, has provided

some knowledge for application to this study. The region of the winding

which is believed to be most susceptible to static fatigue is the cross-

over zone where one turn of the winding obliquely crosses over a turn on

the layer below. In this region, in the plane of the turn, the cable is

constrained by the pressure from the layers above to tend to lie along a

* long helix with an inside diameter equal to the cable diameter. As the

crossover angle is increased, the pitch of the helix is reduced, increas-

ing the bending stresses at the crossover. In the plane normal to the

plane of the turn, the cable makes a slight "S" shaped bend as it

approaches and then leaves the crossover region. This results in bend-

ing stresses in a plane normal to the plane containing the bending due

to the helical path. As the pressure on a layer is increased due to

the layer being located deep within the cable pack, the bending stresses

in the plane of the turn appear to be the greater of che two stresses.

An approximation to the radious of the curvature, R, of the cable

as it follows a helix about the turn beneath is

rR -c

Sin2e

where rc is the radius of the cable and & is the angle which the helix

makes relative to the axis of the lower turn. The outer fiber tensile

stress, So, resulting from this bending, is

E rf r
= --f E Sin2e0 rc

where rf is the fiber diameter and E is Young's modulus of the fiber.

As e is increased, the cable bending radius is reduced quite rapidly

and the bending stresses are correspondingly increased.

3-21



During the testing of the wound bobbin which is described in 4.4,

pressure is applied to the exterior of the test bobbin, simulating the

pressure on those layers due to additional layers above. Since during the

test the elevated pressure is applied for a relatively short time period,

the maximum bending stress for static fatigue purposes is not applied for

a sufficient time to obtain any meaningful static fatigue results. How-

ever in one test, some turns were accidently dislodged and put back in

place as carefully as was possible, but five or six turns were positioned

with abnormal crossover geometry with substantially greater crossover

angles. Although there were no careful measurements made on the result-

ing geometry, it is estimated that the resulting bending stresses as

pressure was applied to these anomolous crossovers was perhaps a factor

of four or five greater than that of a normal crossover. Approximately

two or three minutes after application of the maximum pressure, simulating

conditions deep in the cable pack, the cable failed in static fatigue at

one of these anomolous crossovers. Prior to the application of the maxi-

mum pressure (simulating conditions deep in the cable pack) the cable

failed in static fatigue at one of these anomolous crossovers. Prior to

the application of the maximum pressure, lower pressure had been applied

contributing to static fatigue at a lower zate.

The significance of this static fatigue failure is difficult to

define accurately, but some broad conclusions can be made. There are

several empirical models which have been described in the literature

describing the relationship between the level of applied stress and the

static fatigue life of a fiber. Using the straight line approximations

to the failure time data in figure 3-6, a relationship of the form

is- readily obtained where S1 and S2 are levels of applied stress, and

tI and t2 are the corresponding static fatigue lifetimes, and N is the

;lope of the straight line. Using a value of N = 20 corresponding to the
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shallowest of the lines of figure 3-6, and a value of 4 for the approxi-

mate ratio of the anomolous bending stress in the test to the normal

stress at the crossovers, the ratio between the expected lifetime at

normal stress and the observed lifetime at the increased stress is

t2 = (4)20 = 1.1 x 1012
tl

For an observed life under the increased load of approximately 2 min-

tes, the predicted lifetime under normal loads is about 4 x 106 years,

a value which should be suitable for even the most critical of require-

ments.

Based on a predicted static fatigue life of over four million

years, one is tempted to conclude that there is no static fatigue

problem with the existing cables. There are certain considerations

which tend to discourage such a conclusion without additional date.

These considerations include the following:

1. There are significant uncertainties in the values used to

compute the predicted static fatigue life which can significantly alter

the final result. For example, if the ratio of the excess load to

working load was only a factor of 2 rather than a factor of 4, and if

the observed failure time was only 1 minute rather than 2 minutes, the

predicted static fatigue life becomes only 2 years. This illustrates

how sensitive to errora this prediction is.

2. In practice in measuring static fatigue life, where several

cable samples are subjected to a given load and the time to failure for

each sample is measured, there is usually a wide statistical distribution

in failure times observed. For this reason, with only a single test sample,

one cannot assign much statistical confidence to the result.

3. The computation involves the prediction of the storage time

required for the cable to fail while wound on the bobbin. In reality,

the lifetime that is of interest is that storage time which results in

sufficient weakening of the cable from crack propagation due to static
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fatigue that a cable just fails during the payout loads. This latter

prediction is much more complex and the allowable storage life will be
significantly less than that which would result from the use of the

foregoing equations.

In summary, although the available data suggests that the cable

configurations which have been tested will likely yield adequate static

fitigue life, the available data is too incomplete to reach that con-

cLusion with any confidence. The answer to this question must await the

arailability of substantially more data than is now available.
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4.0 DISPENSER DESIGN

4.1 APPROACH

The dispenser development activities have proceeded along three

parallel and highly interrelated lines which are:

1. Full length dispenser design,

2. Design and mechanical evaluation of test dispensers

employing short length of cable (!0.5 to 1.0 km), and

3. Optical evaluation of short length test dispensers.

The combined results of these efforts are the basis for an iterative

sequence involving cable and dispenser design changes in order to obtain

several cable and dispenser design combinations which appear capable of

satisfying the full 10 km length objectives.

The sequence that follows was used for the design and evaluation

of candidate dispensers to achieve final designs capable of full lengthi

payout.

Step 1. Initial cable design and characterization

Step 2. Based on:

* Nominal outside diameter of the cable

* Required outside diameter of a wound 10 km dispenser

* Determined transverse compressibility modulus

Compute through model, parameters for 10 km dispenser

including

* Dimensions of the winding spool

* Total number of layers (stepback)

* Interlayer pressure at each layer of the cable

pack for specific winding tension

Step 3. Design test spools having shorter length dimension to

increase the number of layers for short cable test

lengths
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Step 4. Fabricate instrumented test spool for short lengths

Step 5. Measure spool strain prior to winding and during

winding of test lengths of cable.

Step 6. Correlate with computer results used in the design.

Step 7. Determine optical attenuation resulting from the

spooling process. Use applied pressure to simulate

the effect of winding additional layers to a total of

IC km length.

Step 8. Payout test dispenser on high speed test facility.

Step 9. Evaluate results and apply to improved cable design.

Step 10. Repeat the sequence.

The design sequence was used in an iterative manner with the results of

one test being used to modify the cable and dispenser design parameters

for subsequent items. Through this process, cable and dispenser designs

capable of satisfying the geometric and attenuation requirements for full

10 km lengths have resulted.
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4.2 DISPENSER DESIGN

The length of cable that can be wound on a cylindrical spool is

given by

L = 2n E[b +11-+ (n-1) C4 -- (n-l)i (4.2-1)

where

d cable diameter

b = spool outer radius

d s = winding pitch > d

N = number of layers

Z = spool length

i = the number of stepback turns per layer

The radius to the outside of the cable pack is

Rn = b + d( + - 4f ) (4.2-2)

These equatiors neglect any compression of the cable pack and spool which

occurs during winding and also the effect of spool taper. In order to

calculate the spool and cable pack stress, an existing computer program

based on the work done on TOW was used. A definition of some of the terms

used in the program follows:
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Input: ES - Young's modulus for the spool material

VS - Poisson's ratio for the spool material

T - Spool thickness

B - Spool outer radius

A - Spool inner radius

DS - Winding pitch

EC - Young's modulus for the glass

D - Glass diameter

DW - Overall cable diameter

K - Transverse stiffness of cable

N - Number of layers

T - Winding tension

Ou.Pitj: ESO - Spool hoop strain at inner radius

ESX - Spool axial strain

SSX - Spool axial stress

US - Spool radial displacement at outer radius

SSO - Spool hoop stress at inner radius

SSR - Spool radial stress at outer radius

Fl - Radial contact force between first layer and spool

Outpit 2: J - Layer number

TWJ - Tensile force in layer J after N layers are wound

FJ - Force between layer J and J-1

VWJ - Radial displacement of layer J

CJ - Radius to layer J

The spool hoop strain and spool hoop stress are caused by external

pressure being applied to the outer radius as a result of winding on cable

under tension. Since the spool hoop strain at the inner radius is measured

by means of a strain gage during the performance of the experiments, a

correlation can be obtained with the theoretical values. The spool axial

s;traln and stress result from the Poisson effect and from the axial tension

put 1nto the spool by the first layer of cable. The spool radial stress is

;-Ai the result of winding on cable under tension and is zero at the inner
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radius and maximum at the outer radius where contact with the cable occurs.

The spool radial displacement also results from the loading of the spool and

is maximum at the outer radius.

The derivation of the equations in the program are based on the

following assumptions:

a. The basic equations describing the stresses and deformations

resulting from winding cable on a spool are applicable only in the axially

uniform regions of the wound spool and are not applicable in the tapered

layer-to-layer transition regions.

b. The effects of differential thermal expansion of the cable and

spool materials are not included in the basic equations.

c. The effect of crossovers which occur twice per turn when a layer is

wound in the opposite direction over an existing layer are neglected.

d. The force displacement relation between cables in contact is assumed

to be linear; i.e., the cable lateral stiffness is constant.

e. The effect of the coating on cable longitudinal stiffness is neglec-

ted and consists of the stiffness of the glass only.

f. The effect of twist in the cable is neglected.

g. The effect of spool taper is neglected.

h. Any creep or relaxation of the cable pack material cannot be

accounted for by this analysis.

The criteria which constrain the dispenser design are as follows:

a. In order to introduce as little microbending as possible into the

cable as it exists in the cable pack, the radial interlayer pressure must

be kept low. This requires low winding tension and fewer layers.

b. The spool length and number of layers are constrained by

£ > d s (N-l) i (4.2-3)
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c. The minimum spool radius is determined so that the first layer of

cable wound on it does not yield because of winding tension and bending.

d. The maximum diameter of the dispenser is determined by the missile

size.

e. The spool stress must remain below the yield or buckling stress.

This places constraints on the spool material and thickness.

f. The tension in all layers in the cable pack should remain positive

to avoid the possibility of local buckling of the cable.

g. Cable setback in the layer-to-layer transition regions is required

for cable pack stability. In the present designs this was set at nine

turns per layer (4-1/2 at each end).

The parameters for six different designs are summarized in table

4.2-1. As described above, test bobbins were fabricated to expedite the

evaluation of the various designs; the corresponding design parameters for

the test bobbins are shown in parenthesis, if different from those of the

basic design. Cross sections are shown in figures 4.2-1 through 4.2--6.

Three of these designs, numbers 1, 2, and 5, represent variations of

standard bobbin geometry with the spool length substantially greater than

the diameter. Design No. 3 involves a large diameter dispenser with the

length Less than the diameter. Design No. 6 falls in between these

extremes. Design number 4 involves a configuration where dispensing is

accomplished from the inside of the cable pack. The compute output for

all the designs with the exception of number 4 is shown in tables 4.2-Il

through 4.2-VI. Number 4 has low internal stresses since it relaxes when

the spool is removed. The computer printout for each design consists of

the input parameters and two sets of output. The input parameters define

the 4prool material constants, the spool thickness and radius, the winding

pitch. the glass material constant, the overall diameter of the cable and

the diameter of the glass inside it, the transverse cable stiffness (which

is measured as described in the next section), the number of layers, and
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the winding tension. The first set of output gives the tension of each

* layer as it is wound on, the strains stresses and radial displace-

ment of the spool as each layer is applied, and the radial force per unit

length between the first layer and the spool as each layer is applied. The

second set of output gives the cable tension, force between layers, layer

radial displacement, radius to a given layer, etc., as a function of layer

number after the winding is completed.

Radial interlayer pressure can be derived from the second set of

computer output by considering figure 4.2-7.

PJ 2 Fj cosQ= 2 cs d (4.2-4)

ds

where OL= sin- 2 (4.2-5)2dw

The radial interlayer pressure is shown in figure 4.2-8 for all

designs except number 4, where it is small.

Radial interlayer pressure tends to increase as the total number of

layers, cable lateral stiffness, winding tension and spool stiffness (or

thickness) increase, and tends to decrease as cable diameter, spool diameter

and cable spacing increase. The least pressure occurs in design number 3,

which has the largest diameter spool and relatively few layers. Design

number 5 has the next higher pressure, even though it has the most layers,

due to larger cable diameter and the lowest cable lateral stiffness. Design

number 6 ranks next because of the highest cable lateral stiffness and

smaller diameter cable. Design number 1 is next, even though it has the

largest diameter cable because of the higher winding tension, smallest

diameter spool, and large number of layers. Design number 2 exhibits the

highest interlayer pressure, even though it has relatively few layers, because

of the small diameter cable of high lateral stiffness wound on the smallest

diameter spool.

The yield strength of 6061-T6 aluminum alloy is 35,000 psi. Examina-

tion of the maximum SSO in the computer output yields 10,150 in table 4.2-IV

and 10,430 pis in table 4.2-IV.
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TABLE 4.2-11. DESIGN NO. 1BI N AE1/17

rSPOOL WR-AKBBI AE0/17
ES: f. IfIIE*18 B: f.173fE4f1 ECz 0. 105#E+08 DOW= 9. S: *.9928E-01
VS: 1.33%E~+00 A= *.I656E+I1 0: I.49ZIE-02 K= 0.61##E+04 DELCz 1.1714E-1

Ts *.IIHE+fg DS: I.1968E-fl DO: 0. E: #.5952E+06 NZ 68
DT= 0. DOS: 1. O=: .196$E-#l ALFA: #.8738E+f1

I 9.56##E+% 0. -0.2589E-14 I.854SE-15 -0.5211E-66 -0.4197E-04 -0.461SE+93 -1.1452E+02 6.2857E+Hf
Z i.5#NE416 0. -I.5145E-04 0.1716E-#4 0.9976E~ff -1.833?E-94 -#.519N+03 -9.2881EM1 *.5674E+ff
3 *.51ME4l9 f. -9.7652E-94 1.254DE-14 0.2b37E4#1 -0.124#E-03 -0.772#E+03 -1.4295E+#Z 0.8434E+UO
4 I.50ffE+N1I. I1.1IIIE-13 1.3377E-#4 0.5159E+I1 4O.1637E-63 -1.1018E+04 -0.5651E+1 .IZ 3.11E*I1
5 .59ffE+II 0. -I4 7E-03 *.4188E-94 0.8436E+f1 -O.2921E-93 -9.1Z56E+04 -9.6974E+IZ 0.137ZE491
6 .S#ff+ff 9. -1.147SE-13 0.4978E-04 0.1243E+12 -9,2391E-03 -6.1486E+14 -0.8248E+02 1.16Z3E491
7 0.50UE+ff 0. -0.169SE-13 0.5743E-14 0.1708E+12 -#.2747E-03 -t.1716E+14 -I.9469E+I2 f.1864E491

r8 1.50OE4ff 0. -L.1914E-#3 0.6481E-14 I.ZZ36E+IZ -0.3187E-13 -0.1916E+14 -0.1064E+13 I.Z#93E461
9 *.5ffE,9 9. 49.2104F-93 0.7192E-04 0.2821E+#2 -9.341ZE-03 -1.2116E+14 -0.1175E+63 *.2311E+I

10 1.51HffI 9. -112294E-03 *.7875E-14 0.3458E+#Z -0.3719E-93 -6.2305E+14 -0.1281E+#3 f.2519E+ft
It i.S0wff 1. -0.2474E-#3 0.8529E-04 0.4144E+#? -0.4911E-03 -0.2495E+04 -0.1379E+13 0.2714E+Il

*Z .S59ff9 9. 41.644E-03 0.9154E-04 0.4873E+#2 -#.4287E-03 -9.Z654E+#4 -0.147XE+#3 1.2899EM9
13I.5000E409 9. -#.2804E-13 0.9751E-14 0.564ZE+OZ -0.4547E-13 -O.2813E+04 -#.156ZE+13 0.3073E+01

14 6.50ffE+IO 1. -0.2955E-03 9.193E-13 0.6448E+12 -0.479ZE-63 -912963E+04 -0.1645E+#3 0.3237E+01
15 *.5#WHE41 . -9.3997E-03 #.1#86E-#3 0.7Z87E+#Z -0.5123E-03 -0.3104E+#4 -9.1723E+#3 0.339IE491

14 1.500E+0U 9. -0.321E-03 9.113$E-13 I.155E+I -0.54#E-03 -0.433E+04 -6.127E+03 0.3533E+#l
25 #.59UEff6 0. -035E0*#18E0 .195E+02 -0.5443E-#3 -0.3363E+04 -6.1865E+#3 0.3682E+fl
26 0.590E+10 0. -037E1 .Z4-3099787E+02 -0.634E-03 -0.476E+04 +129E+63 0.3756E+f1
27 0.50##E+00 9. -i38E .2 9E0 0.11925E+3 -0.5814E-13 -0.434E+04 -0.199#E+13 0.3915E.91
28 0.5#ffE+19 1. -6.317E-03 0.163ZE-13 0.119E+13 -0.7986E-93 -9.3686E+14 -1934E+13 *.46E+Il
21 *.51#9E.9 1. 0.37SE-03 9.163E-13 O.t16E+03 -9.719E-13 -0.381E+04 -O.2414E493 I.4t52E491
32 0.5#ffE.N 9. -0.437E-#3 0.1492E-93 0.1388E+#3 -M.M9E-13 -0.389E#14 -§.Z148E+13 0.4227E411
3 .5999E.99 0, -0.3962E-03 0.1439E-03 0.2361E+93 -0.6287E-03 -6.3952E+04 -O.2I4E+03 *.438E49l
2 .50ME*99 0. -1.4142E-13 0.17E-63 0.1595E+#3 -9.75E-13 -6.4030E+14 -I.2237E+93 0.4402E+f1
33 0.5ff9EM9 9. 49.4178E43 0.1519E-03 0.17##E+#3 -0.6683EE43 +9413E94 -1.2277E+13 1.4482E+01
34 0.5999E.N 0. -9.MME-13 #.164ZE-13 9.9E43 -0.6796E-13 -0.4171E+14 -0.235E+03 *.59E49 1
37 #.S#W~ff #. -8.4664E-13 6.173E-13 I.1915E+93 -0.6951E-03 -0.4617E+14 -1.235#E+03 0.542E+91
36 9.5ffE+99 1. -0.4373E-#3 #.IB60E-03 §.Z944E+#3 -0.76E-#3 -#.4653E.94 -O.2583E+13 #.49E.I1

37 0.50ME400 0. -0.4484E-#3 0.18E-93 O.361E43 -0.7695E-93 +94451E##4 -0.2471E+#3 1.5119E4#1

32 05#W oo . 4.53113 .17 4 .2-6E13 -.37-3-.4&+4-.46+3641Ef



TABLE 4.2-11. DESIGN NO. 1 (Continued)

38 0.510ff+ I. -6.4774E-13 0.1856E-03 0.3184E+13 -0.7752E-13 -0.4717t+#4 -I.Z618E+13 1.5153E+11
39 i.58ffE+ I. -0.48#7E-03 0.1878E-#3 0.3306E+13 -0.7816E-13 -1.4746E+14 -0.2635E+13 1.5185E+I
41 .58fE0+ff I. -0.4838E-03 0.1899E-03 0.3428E+03 -0.7857E-03 -0.4774E+14 -.265JE+03 .5Z15E+I1
41 .58fE.+f 0. -I.4868E-13 0.1920E-03 0.3552E+03 -0.7905E-03 -0.4799E+14 -O.Z664E+13 .5243E+4I
42 f.SIUE+I 9. -0.4896E-03 0.1941E-03 0.3676E+03 -0.7951E-13 -0.4824E+14 -I.2678E+93 6.5Z79E+I1
43 i.5#i0E+00 I. -I.4923E-03 0.1961E-03 0.3802E+#3 -0.7995E-03 -0.4847E+#4 -f.Z691E.13 *.5295E+I1
44 ,55II+U 1 0. -0.4948E-13 *.1979E-03 6.39Z8E+03 -0.8037E-13 -1.4868E+04 -.27#ZE+13 1.5316E+91
45 1.59fE+.U 0. -0.4972E-13 0.1999E-43 0.4055E+13 -0.8076E-03 -6.4888E+14 -6.2713E+13 0.5349E+Jl"
46 .59ffE+4U 9. -i.4995E-i3 0.218E-03 1.4183E+03 -1.8114E-03 -0.4907E+14 -i.2724E+13 I.5361E+91
47 #.SOME+## 9. -9.5017E-03 *.2136E-03 0.4313E+93 -I.815#E-13 -0.4925E+04 -0.2734E+03 *.538#E+l!
48 1.599+99 1. -1.5038E-03 0.2055E-13 0.4443E+03 -0.8184E-03 -0.4942E+04 -0.2743E+03 9.5399E+l]
49 I.5#HE+Nf 9. -1.5058E-03 0.2#73E-13 0.4573E+03 -0.8217E-03 -0.4958E+04 -#.2752E+03 *.5416E+ol
5I #.59#9E+H9 0. -0.5077E-03 0.Z091E-03 0.4705E+03 -0.8249E-13 -0.4973E+14 -0.276#E+13 0.543E+11
51 .5#HE+lI 0. -0.5095E-93 .Z1OSE-03 0.4838E+03 -.SZ79E-13 -0.4987E+04 -O.2768E+03 6.5448E+1!
52 #.SOME+# . -0.5113E-03 0.2126E-03 0.4971E+03 -0.8308E-03 -0.5001E+04 -l.2775E+13 1.546ZE+11

53 0.50HE+1 9. -0.513E-93 0.2143E-03 0.5106E+03 -0.8335E-13 -0.SItZE+14 -O.Z782E+03 0.5476E+01
54 *.51##E+f9 9. -0.5146E-03 0.216E-03 0.5241E+93 -0.836ZE-13 -1.5024E+14 -O.Z789E+03 0.5489E+l1
55 9.5# E+0I 9C -0.5161E-03 0.2178E-03 0.5377E+#3 -0.8388E-13 -0.5035E+04 -1.2795E+13 1.5501E+f9
56 .56HfE+19 9. -0.5176E-03 0.2195E-#3 0.5514E+13 -0.841ZE-93 -0.5046E+14 -#.28#1E+13 1.5512E+II
57 .5999E+l# 0. 09.519#E-03 0.2211E-03 0.565ZE+03 -0.8436E-03 -0.5055E+04 -O.2896E+.3 i.55Z3E+91
58 6.5#NE+9 9. -6.5204E-03 .2228E-93 0.5791E+#3 -0.8459E-13 -0.5065E+04 -OZ811E+13 .5533E+ll
59 .599E+9 f. -0.5217E-03 0.2245E-03 0.5931E+03 -0.84BIE-13 -0.5074E+04 -O.Z816E+3 0.5543E911
69 1.5@9E+9 . -0.523#E-03 0.2262E-03 0.6072E+03 -0.8502E-03 -0.5082E+04 -f.2t21E+63 0.5552E491
61 9.5999E+1 9. -1.524ZE-03 0.2278E-03 0.6Z13E+03 -0.8523E-03 -0.5091E+04 -#,ZS25E+13 0.55J9E.9I
62 0.5#fE.99 9. -0.5254E-#3 0.2295E-03 0.6356E+03 -0.8543E-03 -0.5097E+04 -0.2829E+03 #.5568E+f1
63 $.%H9E+## I. -6.5266E-03 I.Z311E-03 0.6499E+93 -0.8562E-03 -0.5104E+04 -0.2833E+03 0.5576E+11
64 ISiUE+9 0. -0.5277E-03 0.2327E-03 0.6643E+13 -0.8581E-13 -0.5111E+04 -0.2837E+03 1.5583E+9l
65 .5999E+ff 9. -0.5288E-03 0.2344E-13 0.6788E+03 -0.8599E-63 -0.5117E+04 -0.284#E+03 9.5591E+I1

66 1.599E49 0. -0.5298E-13 I.Z360E-03 0.6934E+03 -0.8617E-13 -0.5123E+14 -0.2844E+03 .5596E+f1
67 0.50ffE+00 9. -9.5309E-03 0.2377E-13 0.7680E+13 -0.8634E-13 -0.5128E+04 -0.2847E+13 1.56r 4I

68 0.50O9E49 1. -0.5319E-03 0.2393E-03 0.72Z8E+13 -0.8651E-03 -0.5133E+14 -0.2859E+#3 0.5618E+I1
N T DELT ESO ESX SsX US SSo SSR Fl

J TWJ FJ UUJ GJ STHJ CJ PJ

68 9.51ffE+N 0.9978E-01 -0.3731E-03 9.510#E+01 i.5990E+ff 0.2893E+1 8.6

67 9.4748E+99 0.1957E+99 -9.7Z75E-13 0.9748E+00 0.9748E+00 0.2876E+9[
66 9.45#7E+ff 0.2879E+f9 -0.1064E-02 0.14Z5E+l 0.1425E+I1 0.2859E+01
65 f.4Z74E+ff 63764E+99 -0.1383E-#2 #.1853E+fl 9.1853E+01 I.2842E+fl 32.6

64 1.4951E+ff 0.4615E+99 -0.1685E-02 .2258E+gl 9.2Z58E+fl I.285E+01

63 0.3837E+ 1 9.5432E+99 -0.1971E-#2 I.2642E+1 0.2642E+01 1.2808E+01
62 0.3631E+99 0.6216E+01 -1.2242E-62 I.3005E+01 9.3005E+fl I.2791E+01
61 1.3434E+ff 9.6969E |1 -1.2498E-02 0.3348E+fl 0.3348E+I1 0.2774E+I
61 1.3245E+## 1.7691E4N -0.2740E-02 0.3673E+01 0.3673E+01. .2757E+fl 66.6

59 1.3 63E+N 0.0385E+9 -9.2968E-02 0.3979E+fl f.3979E+f1 1.2740E+1
58 1.2889E+ff 9.995E+U -0.3184E-OZ 0.4268E+f! f.4268E+91 O.Z723E+01

57 0.2722E+## 0.9687E+f9 -9.3387E-12 0.4549E+91 1.4540E+01 0.276E+ll
56 0.Z562E+00 .1939E+91 -1.3577E-#2 0.4796Efl! 1.4796E+I l.2689E+fl
55 .24NE+t9 .1088E.91 -1.3757E-12 1.5937E+l f.5137E+l 0.2672E+f! 94.2

54 1.2262E.11 .1145E+ l -0.3925E-02 f.5263E+fl #.5Z63E+f1 I.Z655E+Il
53 0.2121E+l 1.1198E+91 -I.4083E-12 6.5475E.91 0.5475E+.! .2638E+91
52 0.1986E+91 .1259E+fl -0.423#E-02 0.5674E+fl 9.5674E+11 .Z6ZIE+91

51 9.185KE4+f 01299E+9! -I.436SE-02 9.5859E+f! 0.5861E+9! 1.2613E+01

59 0.1735E+N 0.1347E+.1 -0.4497E-02 1.6133E+fl 1.6033E+I! 1.2586E+9! 116.6

4. 2-14



TABLE 4.2-I1. DESIGN NO. 1 (Continued)

49 0. 1617E+00 f. 139ZE+I1 -9.4617E-I2 0.6195E+f1 0.6195E+01 I.2569E+gl
48 1. 15@SE+II 0. 1435E.9l -1.47ZOE-12 9.b345EW9 I.6345E+f1 9.Z55ZE+01
47 1. 1397E+ff f. 1477E+91I -1.4831E-02 0.6485E491 9.6485E+01 0.Z535E+I
46 f. I 95E491 C.1516E491 -I.49Z6E-I2 9.6614E491 9.6615E+l1 0.2518E+fl
45 1. 1197E+U 0. 1554E.91I -9.5013E-12 0.6734E+01 0.6734E+ft 0.2501EW9 134.6
44 1. 1104E+9 1. 159 IE.1I -0.5094E-02 0.6844E+01 0.6845E+01 #.Z484E+91
43 1. 1115E+01 0. 1625E+01 -1.5167E-#2 0.b6946E+01 0.6946E+01 0. 467E+#1
42 0.9302E-01 9.1659E+f1 -I.5234E-OZ f.7038EWI1S.7139E+01 1.245#E+01
41 1.8498E-11 1. 1690E+01 -0.5294E-OZ 0.7123E491 0.7124+01 O.Z433E+II
49 1.7734E-01 0.1721EW9 -1.5348E-02 1.7201E+01 1.7281E+91 O.Z416E+01 149.0
39 *.79E-I91. 91750E+01 -0.5397E-02 0.7271E+01 0.7271E+01 1.2399E+01
38 1.6322E-11 1. 1778E+01 -I.5439E-OZ 0.7334E+t91 .7335E+f1 *.238ZE+I1
37 1.5672E-11 0. 1804E+01 -0.5476E-02 0. 7391E+01 6. 7391E+01 0.2365E+f1
36 *.5059E-01 *.1839E+g1 -0.55t8E-OZ 1.7441E+01 0.7442E+01 O.Z348EW9
35 1.4482E-01 #.1854+01 -0.5534E-12 1.7;86E+01 I.7487E+f1 #.Z331E+f1 160.6
34 *.394E-91 9.1878E+g1 -9.5556E-92 9.75Z5E+01 1.75Z6E+f619.2314E+91
33 *.3433E-91 0.1999E+9 -1.5572E-02 0.756§E+01 6.7561E+01 0.2297E+01
32 *.2961E-91 9.1922E+01 -0.5584E-02 0.7589E+01 1.759#E+01 0.2286E+01
31 0.2524E-01 1.1943E+t1 -1.5591E-92 0.7614E+91 t.7615E+f91 .2263E+91
3V *.2122E-0l t.1963E+fl -0.5593E-02 0.7635E+01 1.7637E+g91 .2246E+01 170.0
29 0.1756E-01 *.1983E+f1 -1.359#E-02 0.7653E.91 0.7654E+01 O.2229E+91
28 0.1427E-01 *.2912E+91 -t.5582E-OZ 0.7667E+01 1.7668E+01 1.2211E+01
27 *.1137E-01 *.292#E+01 -9.557#E-OZ 0.7678EWI 0.7680E+9 O.2194E+01
U6 0.8864E-02 *.2938E+f1 -0.5552E-82 0.7687EW 1 .7689E401 1.2177E+01
25 0.6780E-9 9.2056E+fl -0.553#E-02 0.7694+11 0.7695E+t91 .2160E+I1 178.1
24 0.51414-2 0.2974E+f1 4.5501E-02 1.7699E+01 0.711E+01 0.2143E+01
23 *.3992E-02 0.2092EM9 -8.5467E-02 0.7703E+f91 .7785E+01 #.Zl26E+f1
22 0.33644-2 9.2109E+#1 -0.5427E-02 0.7706E+01 1.7708E+01 1.210KE+01
21 0.3311E-02 #.21Z7E+#t 49.5386E-02 0.7709E+01 0.7711E+01 1.2192E+0
20 0.3892E-ft *.2146E4*1l -9.5327E-02 0.7713EW 0z .7715E+01 9.2#75E+fI 185. 8
19 0.5179E-#2 O.2165E+#1 -0.5265E-02 0.7718E+01 0.772#E+01 0.2158EM9
18 *.7257E-92 0.2185E+91 -9.5194E-O? *.7726E+01 0.7728E+01 9.2941EW9
17 0.1023E-ft 0.22#7E+f1 -9.5115E-OZ 0.7736E+01 0.7738E+61 0.2024E+01
16 *.14Z1E-01 0. 229E.91 49.50244-2 9.7759E+f1 t.7752E+91 0,2007EW9
15 I.1934E-91 9.2254E+91 -9.4921E-02 #.7769E+01 *.7771E+#91 .1990E+91 195 .2
14 *.57SE-01 *.228EW9 -0.4805E-01 #.7795E.U1 0.7797Ei9! 0.1973EW9
13 9.3373E-11 0.2311EM9 -9.4674E-OZ 9.7829E.91 *.7831E+#1 9.1956E+91
12 *.4349E-91 9.Z344E491 -9.452E-02 *.7872E~tf I 977EW9 0.1939E+01
It 0.55#5E-01 #.2381E.91 -9.4358E-92 *.7?27E49l19.7929E+91 0.1922E+01
It 0.6896E-91 #.2424E.91 -9.4169E-02 9.7996E+f1 t.7998E+91 0.1905E+01 209. 9
9 1.8548E-91 *.247ZE491 +93954-12 #.0981E.9! 0.8984E4#1 0.1888E+f1
8 I.t95E+99 #.25Z7E.91 -9.3712E-02 *.8186E.91 *.8189E.91 0.1871EWD
7 #.t279E+Hff .Z59E491 -0.3439E-OZ *.8314E.91 9.8317E+tl 0.1854E+01
6 0.1547E+99 *.2662E.91 -0.3131E-02 *.8469E.91 *.8471E+#91*.1837E+81
5 0.185*94 0.2746E+#t -9.2783E-#t 9.8655E+#t *.8657E+91 0.1819E+01 237.8
4 1.22ZZEff *.284X&91 -0.2393E-02 1.8877E4#1 *.8889E~91 9.18O2EM9
3 #.2641Ef. M .16E.91 -0.195442O 9.?141E+#1 t.9144E+91 0.1785E+01
Z f.31Z4E+9l *.3086E+91 -9.1463E-92 *.9453E.91 9.9456E.91 0.176SEW9
I i.367$E.99 *.3238E491 -0.8651E-03 f.1414E 0.9824.01 9.1759E~91 280.4
J TNJ FJ UNJ eJ STMJ cJ
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TABLE 4.2-111. DESIGN NO. 2

SPOOL HIRE-PACK BOBBIN DATE 16 JAN 79
ES: 0.111Kf418 3:s I.175lE+#I EC= f. 1651E+18 DDI= 0. St #.fl5K+lg
V~z- *.3310E+f A: *. 165E+fl D: *.415E-92 K= 1. IZO9E+15 DEIC:- *.92E-92
Tz */!UE419 DSz 0.1#7K-01 D: 1. Ex *.1432E417 N: 33
3!:z **~ 33: . DVz IMlI7E-11 ALFA% *.98E+I1
N T BELT ESO ESI 551 us 550 SSR Ft
1 *.28 ~ff4 9. -0.2667E-04 *.8BIIE-#S -t.3779E-06 -0.4323E-04 -O.2694(403 -1.1495E.12 *.16NE~ff
2 #IZBfsf I. -#.5297E-#4 9.175ZE-94 #.5084E4## -.858SE-I$ -1.5348E+93 -0.2969E+42 #.3177E+##

3 *.28UE499 0. -#.7887E-94 0.2616E-#4 *. 148#E4#1 -#.1278E-3 -0.7961E+03 -0.4419(442 0.4728(490
4 #.28UE.U 0. -0.1043E-#3 0.3468E-04 *.2906E.I1 -0.1691E(43 -0. 105NE+04 -0.5843E+IZ 9.6252E401
5 O.28004#9 f. -0f9E1 .4319E-#4 9.4775(40 -0.Z20%E-#3 -#.1304E+#4 -#.7240E442 6.7747E+##
6 *.29ew+oo I. -0.1537E-03, #.5136E-#4 0.7074(491 -9.249ZE-03 -6.155#E+04 -0.8696(492 0.929(40
7 1.2806E41 0. -0.1776E-#3 0.5948E-04 0.971E401 -#.2880E-03 -0.1791(444 -O.9941E+O2 #.10#64E+01
S 0.2800E40 #. -1.211K-13 0.6746E-14 0.1291E+02 -M.M5E-93 -6.2026E464 -0.1124(4#3 #.t203(44
9 9.2800400 0. -0.2237E-93 0.7527E-04 #. 1642(402 -0.3627E-#3 -0.2254E+04 -6.1251E+#3 f. 1339(411
If19 0.9949 9. -O.Z458E-13 #.8292E-04 0.2031E+#2 -1.3985E-13 -#.2476E+#4 -0.1375E413 *.1471E+g1
It o.2890(440 9. -#.2673E-13 0.9039E(44 #.2453(492 -#.4334E-#3 -0.269ZE+04 -0.1494E+03 O.t599E+61
12Z .1899E49 09. -0.288ZE-63 0.9769E-04 0.2911(402 40.4673E493 -0.2902(414 -0.1611E+03 *.1723E+#1
13 O.28UE41 09. -9.3#85E-#3 9.1048E-03 0.3402(402 -0.5#02E-#3 -1.3115E+04 -0.1723(403 0.1844E+01
14 0.2S10E499 #. -#.3ZOIE-93 1.1117E-03 0.3924E.02 -#.53Z0E-#3 -9.331E14 -9.1832E4#3 0.1961(491
15 #.2800(44 #. -9.3471E-#3 #.1I185E-03 0.4476(402 -0.562BE-03 -0.3491E+14 -0.1938E+13 O.2074E441
16 *.28E+Hff . -0.3655E-#3 f.I251E-03 0.5#56E+02 -0.5926(-03 -1.3675E+04 -0.2040(463 #.2183E441
17 O.28U#E+N 9. -0.3833E-#3 0. 1315E-03 0.5663E+OZ -0.62l5E-#3 -0.385X(404 -0.2139E403 *.2288E411
18 I.2800E49 I. -0.405E-13 0.1377E-13 0.6295E+02 40.6493E-63 -9.4gZ4(404 -0.2234E.03 0.2390E441
19 1.2800E41l0 . -6.417#E-13 9.1438E-13 0.6952(402 -9.676ZE-03 -9.4189(404 -9.2325E+03 f.2488E441
20 0.280(41 0 . -0.433FE-93 0. 1496E-#3 1.7632E+02 -0.7022E-63 -0.4348E+#4 -1.2414E+13 0.2583E411
21 *.20ew419 9. -1.4485E-03 #.l1553E-#3 9.8335E+#2 -0.7272E-03 -0.4592E+94 -0.2499E+13 #.2674(491
22 *.2891E.9 f. -0.463XE-13 1. 169E-03 0.9958E402 -0.7513E-#3 -#.465#E+04 -9.2581E+#3 0.2762(401
23 9.2800(49 #. -1.4777E-03 0.1663E-#3 0.980E(412 -0.7746E-63 -9.4792E+#4 -0.2661(413 0.2846(401
24 0.2801(44 0. -t.4915E-13 #.1715E-#3 1.1 #56E+13 -1.7971E403 -1.4929(404 -1.2736E+13 0.2928(401
25 9.28M019 #. -9.5948E-13 0.1166E-13 9.1134E403 -9.8186E-03 -0.5061E404 -0.28#9E+#3 0.3096E441
26 9.2800(4 9. -0.5176E-#3 1.181SE-13 0.1214E+03 -#.8394E-#3 -0.5188E+#4 -0.2880(493 0.3081(441
V7 9.2960(44 I. 40.5299E-0 1.1863E-93 #.I295E+13 -6.8595E-13 -1.531#E+#4 -6.2947E+#3 6.3154(411
28 1.28ME(40 . -1.3419E-13 1.191#E-#3 0.1378E+03 -6.878BE-13 -0.5427E+#4 -#.33(43 0.3223(441
29 9.2800(40 9. -0.5533E-43 0.1955E-03 1.1462E+03 -0.897KE-93 -0.550E+104 -f.3075E.93 0.32"9E441
v3 9M280(W i . -1.5643E-03 9.l999E-03 f. 154BE+03 -#.9152E-13 -#.5b48E+#4 -1.3135E+13 9.3355E401
31 1. 2899+4 I . -0.5749(4f3 1.2041E-03 0. 163F5 3 -9.9324E-13 -0.5752E+14 -0.3193E+#3 9.3417E401
32 0.2U01E49 1. -#.M85E4#3 0.2#83E-93 0. 172A+.03 -9.9490E-03 -0.5852E+64 -0.3249E+03 6.3476E491
33 o.ZSIOE. 9. -9.5949E-#3 9.2123E-13 0.18t3E+93 -9.9649E-13 -0.5948E4#4 -9.3302(403 #.3533E4#1
N T DELT ESO ESI SSI us 550 SSR F1
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TABLE 4.2-111. DESIGN NO. 2 (Continued)

J TWJ FJ UmiJ 4J SIUJ CJ Pj
33 *.28ffE~99 67896E-it -9. 1594E-03 *.28*OE+@9 1.28HE+H 0.2047EMO 12.8
32 *.2692E+II 0. 1556E4H -O.310SE-3 0.5492E+N 0.5492E+90 *.2I38E.91
31 *. Z688E+* 0. 2299E+U -i.4545E-03 6.8979E+00 0.8679E+U O.2129E.Ii
39 *.2488E409 *.3021E.Uf -0.5906E-03 0.1057E4#1 *.1057E.91 *.20i9E+tl 48 .9
29 *.2393E+N 0.3723E+U 49.7091E-03 1.1296EW9 0.1296E+fl *.2*IK+ii
28 0.Z303E+19 *.4414E+99 -094#9E-93 0.1526EM9 0.1526E+91 *.2101EM1
27 *.Z216E+ff 1.567E+#f -9.9536E-#3 0. 174BE401 0. 1748E+lI1. .1992E+O1
26 0.213SE+I9 *.5712E+4 .-*106E-*Z *.1961EM 1 .1961EW* t. 1982E+I1
25 *.2A57EeU 6.6341E+## -0. 1159E-IZ #.2167E*11 *.2167E.91 0. 1973E+jI 102.6
24 *.1985EMI *.6955E+if -1.1259E-02 *.2366E411 *.2366E+#1 *.1964E+I1
23 0.1916E4*9 I.7554E+ff -0.1334E-#2 0.2557E4#1 *.2557E.Ul 9.195E+
22 0.1853EWO #.8139E+ff -1.1411E-02 *.2742E+91 *.2743E+91 0.1945EIll
21 1.1794E+U *.8713E+ft -1.1481E-02 #.2922E+O1 *.2922E+*1 0.1936E+I1
21 f. 174K40f 0.9277E+91 -9.1542E-02 0.3196E&i1 *.396E+91 0.1927E441 150.2
19 *.1691E411 I.9831E+ft -0.1597E-12 *.3265EM* I.3265EM 9 .1918E+I1
18 1.1647E+09 1.1938EW* -t.1643E-02 0.3431E+g1 0.3439E+f1 *.1908E411
17 1.1609DU+ 9.1#92E+*1 -1.1681E-92 0.3591E+9l1 .3591E+9 0.1899E+t1
16 f. 1576E*99 *.1145E+*1 -0.171ZE-ft 0.3748E+01 *.3748E+*1 I. 189K4#1 193.9
15 1. I54?E4N 0.1198E491 -0.1734E-02 0.3993E.*1 0.3913E+f1 0. 188E+ I
14 1.1528E499 0.1251E+01 -1.1747E-02 0. MUM + 1 .4056E49l1 .1871E+I
13 *.1513E411 *.139EW -1.152E-12 *.4207E.91. 0.4207E+91 0.1862EMh
12 0.1595E4M f.1358E+fI -1.1748E-12 1.4358E+i1 *.4358E+*1 *.1853E+91
It 6.1514E4H *.1412EM9 -0.1734E-02 *.4598E.I 0.4598E+f1 0.1843E+I1
1f *.151E.U 0.1467E491 -0. 171*E-02 *.4659E+ll 0.4659E+Ot1 .1834E+f1 237.5
9 0.1524E.ff *.ISZZE+91 -0.1676E-02 f.4811EM9 0.4811E+91 *.1825E4*1
8 *.1546Eeff 1.1579E491 -0.1631E-12 0.4966EM01 .4966E+f1 0.1816E+9
7 0.1576E.N *.1638E491 -0.1576E-02 *.5124E+fl1*.5124E+f1 *.1806E+f1
6 9.1616E4M 1.1698E+#1 -t.158E-02 0.51.35E+I1 *.5285E+I *.1797E+#1
5 1. 1666Ee99 0.1761EM* -I.1429E-#Z *.5452E+f1 *.5452E491 *.1788E+O1 285. 1
4 t. 1725E+II l.1826E.91 -0.1337E-#2 *.5624EMI *.5624E491 *.1779E401 295.6
3 *.1796E+Hf #.1894E.91 -1.1231E-12 *.5864EM* #.5814E+91 *.1769E.91
2 0.1878E+10 0.1966E.I1 -t.1112E-02 *.5992EM9 0.5992E~t1 *.176E+91
I *.1972E+N 0.204IE4I1 -9.9649E-03 1.6181E+11 I.6189EM9 #. 175E+l1 330.2
J TVJ FJ UIIj GJ STVJ cd
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TABLE 4.2-IV. DESIGN NO. 3

SPOOL. WIRE-PACK BOBBIN DATE 121Z/ 79
ES: *.1*1#E418 B: *.39UE+! EC: #.1#5#E+18 OW: 6. S: 1.135ZE+C1
YSc #.33#fE41 As 1.3851E4l D= *,5111E-12 K: I.128#E+15 DELC: 0.866#E-02
Ts 1.51ME-I1 DS= L.IMIE-01 DD= 0. E: #.2381E+#7 N: 35

DT: L, DDS: L, DU= ,IN. E-I1 ALFA: .1197E412
N T DELT ESO ESK SpK Us sso SSR F1

I I.Z5HE+0# 0. -9.4982E-14 *.1644E-4 0.9441E-07 -1.191#E-13 -0.593ZE+13 -0.641#E+01 0.641#E-I1
2 0.25HEIl I. -0.9757E-94 0.3223E-04 0.3928E ff -0.3741E-03 -I.9853E+03 -0.1255E+02 #.1Z55E+oo
3 1.Z5NE+f 0. -6.1435E-03 1.4745E-04 0.1136E+f1 -0.551ZE-13 -1.1449E+14 -0.1846E 02 0.1846E+ f
4 .25f411 0. -0.1877E-03 0.6214E-04 I.ZZt7E+I1 -.7197E-03 - S.1895E+14 -1.2414E+4Z O.Z414E+N
5 1.250E+I 0. -0.2303E-03 0.7633E-04 1.3624E+i! -0.8831E-03 -0.2325E+04 -0.2962E+02 i.2962E+H
6 *.25fII 6. -1.2714E-03 0.9095E-04 0.5346E.Il -0.1041E-02 -I.274#E+#4 -0.349#E+02 *.349E+N
7 #.15fE40 6. -I.311tE-13 I.1133E-13 1.7374E gt -I.1193E-02 -I.314#E+04 -1.3999E+12 0.3999E II
8 0.25HE.6 I. -0.3494E-63 I.116ZE-03 6.9697E+fI -0.1346E-IZ -f.35t6Ei44 -6.4491E.6Z 0.4491E+6,
9 0.Z5NE I6 1. -0.3864E-13 0.1286E-03 0.1231E+02 -.1481E-62 -1.3899E+04 -0.4966E+IZ 0.4966E+f

10 *.25ME400 I. -0.4222E-03 0.1417E-03 0.1521E+02 -0.1619E-OZ -1.4259E+04 -i.5425E+02 .54Z5Eg
11 .25ME 66 6. -1.458E-03 1.1524E-03 0.1836E+12 -0.1751E-62 -6.4607E+04 -1.5869E+02 0.5869E466
12 *.25NE466 0. -.49#3E-03 I.1637E-03 I.2178E4#2 -9.188#E-02 -9.4944E4#4 -I.6298E+IZ #.bZ98E+ff
13 .25ffE.61 0. -0.5227E-#3 0.1747E-13 0.2546E+02 -I.Z##4E-02 -I.5271E+04 -0.6714E+02 0.6714E+%
14 *.251E+f6 0. -0.5541E-03 *.1854E-13 1.2939E4#2 -0.2124E-02 -I.5586E+04 -I.7116E+02 0.7116EHto
15 *.Z50E+6 0. -1.5845E-03 0.1958E-13 6.3356E+02 -.ZZ4IE-02 -0.589ZE+04 -1.7516E+02 0.7506EHfo
16 *.25f+#E 0. -f.6146E-03 0.2661E-13 0.3797EW6 -§.Z354E-IZ -9.b189E+#4 -1.7884E+02 1.7884E+6f
17 1.25HE+# 0. -6.6426E-03 0.2158E-13 0.4262E+02 -61,464E-02 -0.6476E+04 -6.8Z5E+6Z 0.8251E+I
18 0.2500E6 6 0. -0.6703E-03 6.2254E-03 1.4749E+12 -.2570E-02 -0.6755E+04 -9.8604E+ 2 9.8604E+of
19 *.ZS#@E.6 9. -f,6973E-03 0.2347E-13 0.5258E+02 -1.2673E-02 -0.7025E+14 -6.8949E+IZ 1.8949E+H
20 *.25UE+f6 . -f.7234E-03 0.2438E-#3 0.5788E40Z -6.Z774E-IZ -f.7Z87E+04 -1.9283E+6Z I.9283E+t6
21 *.Z50E+66 0. -0.7488E-03 0.2527E-03 0.6340E+62 -1.2871E-02 -9.7542E+04 -0.96#7E+12 6.9607E+f
22 *.256EM 0. -0.7734E-93 0.2613E-13 0.6912E+02 -0.2965E-02 -1.7789E+04 -0.9922E+12 1.99?ZE+n
Z3 #.Z566E. 6. -1.7974E-03 0.2698E-63 0.7505E+12 -.3657E-12 -1.8129E+14 -0.1023E+03 I.IZ3E.61
24 .ZSME40 6. -0,8266E-03 #.278#E-13 0.8118E+6Z -6.3146E-IZ -9.826ZE+64 -0.115ZE+53 1.115ZE461
25 *.Z5NE 6 6. -0.8433E-03 112860E-03 0.8749E+02 -1.3233E-02 -0.8488E+14 -I.1081E+03 .1081E41
26 *.25ffE+06 I. -1.8652E-03 1.2938E-03 *.9496E402 -0.3318E-02 -#.87#8E+04 -#.11gE+03 I.1119E491
7 #.25E+l6 1. -1.8866E-63 6.3115E-63 1.1107E 13 -1.340#E-62 -1.8922E+04 -1.1136E+03 1.1136E.6[

28 0.2500E+66 . -6,9974E-03 0.3089E-13 1.1176E4#3 -1.3479E-OZ -1.913#E+14 -1.1163E+93 f.1163E+ft
29 *.25NE0l0 0. -I.9277E-63 0.3162E-03 1.1146E+03 -0.3557E-62 -0.9332E+14 -1.1189E+13 .1189E+6!
31 1.25NE.66 0. -1.9474E-03 1.3234E-03 1.1219E+13 -0.3632E-O2 -0.9528E 04 -0.1214E+13 6.1214E+I!
31 6.2566lE+. 6. -.9665E-93 6.3314E-13 6.IZ92E+3 -I.3716E-IZ -1.9719E+14 -0.1238E+13 I.1238E+o1
32 6.25HE ff 0. -0.985ZE-43 6.337ZE-13 0.1368E+03 -0.3777E-6Z -#."15E+14 -#.1Z6ZE+63 #.IZ6ZE+!
33 0.25ffE.6 1. -.13E-92 0.3439E-13 0.1445E+03 -0.3847E-02 -6.l|69E+15 -1.1285E+13 0.1265E461
34 I.25ME46 1. -0.1921E-02 0.3514E-13 1.1524E+03 -0.3915E-02 -0.1026E+05 -0.1307E+03 6.1317E+6l
35 6.25ffE466 6. -.1138E-0Z 0.3568E-13 6.1615E+13 -1.3981E-12 -I.1643E+15 -1.1329E+13 1.1329E+01
N T BELT ESO ES1 SSI Us sso SSR Ft
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TABLE 4.2-TV. DESIGN NO. 3 (Continued)

d TWJ FJ UIwj Gd STWJ C.J PJ
35 0.25NE.*9 0.3441E-01 -0.1358E-03 6.251E+9 O.2591E+10 0.4195E+#t 6.0
34 0.2434E+10 *.68#4E-#1 -1.2690E-13 0.4934E400 0.4934E40 0.4186E+01
33 0.2369E466 0.1009EM9 -0.3997E-03 0.713E+ff 0.7303E40f 0.4178E.91

*32 9,2305E+10 0.133#E+10 -0.52S1E-13 0960b8HO9 0.9618E498 6.4169E41l
31 #.2242E+## 0.1644E+00 -6.6541E-03 0.1185E411 fl.1185E.91 0.416#E+91
39 #.2179E~e9 0.1951E+00 -1.7779E-13 f.l403E.I1 0.1403E491 0.4152E+91 33. 8
Z9 I.2ll8E~iI I.225E+H -9.8997E-03 0.161SE4#1 0.1615E441 0.4143E+01
28 0.2057E409 0.2542E+I9 -0.1019E-02 0.182#E+#91 .IBZIE.91 0.4134+11
V7 0.1997E+99 6.2827E+00 -0.1137E-02 0.262EW9 0AZ92E4l 0.4126EWI
Z6 0.1937E+60 0.^1104E+00 -0.1253E-OZ 0.ZZ14E+lI 0.2214E4#1 0.4117E+01
25 0.1879E41I 0.3375E+00 -0.1368E-OZ 0.2492E+el 0.2402E+fl #.4109E+f1 58. 5
24 0.1821E+10 6.3638E+00 -1.1481E-02 6.2584E.9l O.Z584E+el 0.4111EW0
23 9.1763E+fg 0.389SE400 -0.15tZE-UZ #.Z769E#01 O.Z769E+t1 0.4091401
22 6.1716E+00 0.4144E+00 -0.170ZE-02 0.2939EMO 0.Z931E+91 0.4004E+1
21 6.1649E+10 0.4387E+00 -0.1811E-OZ 9.3095E+#l 0.3095E+9l1 .4074E+t1
20 0.1592E+80 0.4622ZE+90 -0.1M1E-12 *.3Z55E.@1 0.3255E.*l 0.4065E+01 80. 1
19 *.1536E+H 0.4851E+00 -0.2026E-02 0.3408E.91 0.34#OE+91 0.4657E+01
18 0.1480E+10 0.5072E419 -0.2132E-OZ 0.3556E4#1 0.3556E.91 0.4048EW9
17 0.1425E+00 0.5287E+00 -0.2237E-02 0.3699E4#1 LAMM9+9 1.4939P411
16 6.1369E+99 0.5494E+fg -0.234ZE-0Z *.3836E+#1 0.3836E+91 0.4031E+I1
15 0.1313E+00 0.5695E+00 -9.2447E-0Z 0.3967E401 0.3967E+61 0.4022EM0 98 .6
14 0.1258E+10 0.5888EW9 -O.Z551E-OZ f.4093E.I1 0.4093E+0l1 .4013E+#1
13 6.1202E+00 0.6074E+10 -0.2656E-92 0.4213E411 0.4213E+91 9.4065EW1
12 O.1146E+9* 6.6253E+60 -0.276#E-02 0.43Z7E+91 0.4327E.9l *.3996E+#1
It 11 .1089E+90 0.6424E+10 -0.2865E-02 0.4436E+91 0.4436E4#1 0.3987E+S1
If 0.1032E+10 0.6588E+10 -6.297§E-#2 0.454IE4#1 #.454#E4@1 0.3979E+01 1 14.1
9 #.9746E-91 0.6744E+00 -0.3077E-O2 #.4637E411 0.4637E+#l 0.3970E+91
8 #.9164E-i1 0,6892E+00 -0.3184E-02 0.4729E+91 0.4729E4#1 0,3961E+lI
7 0.8574E-11 0.7932E+60 -0.3292E-02 0.4814E+f1 0.4814E4#1 0.3953E+01
6 0.7975E-01 0.7164E+## -1.3412E-02 0.4894E+#l 0.4894E491 .3944E+01
5 *.7366E-9l1*.7288E+90 -0.3514E-62 0.4968E+I1 *.496BE+#1 0.3935E+I1 126 .2
4 0.6743E-01 0.7403E469 -0.36Z8E-02 0.5035EWI 0.5035E4#1 0.3927E+01
3 0.617E-01 0.751#E+00 -0.3744E-12 0.5096E+01 *.5096E+gI *.3918E+9
2 #.545SE-01 0.76#7E+99 -0.3863E-92 0.5151E.OI 0.5151E+61 0.3919E.41 132 .9
I 0.4785E-01 0.7673E+ig -9.3981E-02 0.5183E+f1 9.5199E4#1 *.39ffE+t1
J TWJ FJ UwJ QJ STMJ Cd
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TABLE 4.2-V. DESIGN NO. 5

SPOOL WIRE-PC BOBB IN DATE 03/17/79
ES= 1.IIIIE+8 Om #.26f4 EC= 0.115#E+18 DOW:- I. S= 0. 1329E.D6
YS= 0.33ffE+U Ac 0.1916EW6 D= 0.5000E-02 K: 0.4596E+14 DEIC: 1.1299E-01
T: 9.1695.9 DS= 6.15695-01 DD: 1. E: 1.1158E+07 N: 76

DT= f. DOS= 1. OD:= 0.15695-01 ALFA: 9.1345E+02
N T BELT ESO ESI SSy us S50 SSR Fl

0 .2561E400 1. -1.1692E-04 0.5585E-05 -0.18165-66 -0.3165E-04 -0.1709E+63 -#.8333E.*1 6.125#F+69
2 0.25#OE.69 0. -6.3356E-04 0.I1I1E-14 0.3948E+00 -0.6276E-04 -0.3388E.03 -0.165ZE+02 f.2477[40#
3 6.2519E.96 0. -0.4"86E-04 0.1654E-04 6.1146E+t1 -0.9315E-04 -6.56E+93 -O.Z45#E.92 1.36755,69
4 0.250E5.10 0. -f.6556E-04 0.2183E-04 MMZ38+01 -6.1225-03 -0.6615E+03 -f.32Z55*92 *.4837E~66
5 0.25065+9 0. -0.8677E-94 0.26985-04 1.36545.01 -0.1511E-03 -f.PSl4bE+f3 -0.3971E+02 6.5957E466
6 9.25695.99 9. -0.9536E-#4 0.3194E-04 0.5374E+01 -0.1784E-03 -0.9614E513 -0.4687E+12 1.76365469
7 6.2599549 0. -9.1#93E-03 0.3672E-04 6.7376E+01 -1.2044E-03 -0.1101E+04 -0.5369E+02 1.8954E+61
8 6.25695.9 0. -6.I225E-03 0.4129-04 6.96385.91 -0.2292E-03 -0.1234E+04 -0.6018E+02 6.96275466
9 6.2566E.09 1. -6.1351E-03 9.4565E-04 0.1214E+02 -0.2527E-03 -0.1360E+04 -1.6631E+02 0.9947E.99

1f 6.256E46 0. -9.1469E-03 0.4979E-04 0,1486E+02 -0.2748E-03 -0.1479E+04 -0.7216E+F2 6.16815+61
11 6.2569549 69. -0.1581E-03 0.5373E-04 0,1777E+02 -0.2957E-03 -0.1591E+04 -0.7754E+02 0.1163E+61
12 6.25#95496 1. -6.16e5E-93 0.5746E-04 0.2086E+02 -0.31535E-03 -0.1695E+04 -0.8264E+02 0.12495+61
13 0.2510E+01 6. -0.1783E-03 *.609SE-04 0,2412E+02 -0.3337E-03 -1.1793E+04 -0.874254@2 1.13115,91
14 0.25995.69 0. -0.1875E-03 1.6431E-04 00252Z -9.35985-03 -0.1885E+04 -0.9189E+OZ 0.13785+61
15 9.25695.69 0. -0.1961E-03 0.6745E-04 0.3105E+02 -#.3669E-03 +91970E+64 +995E+02 O.14415+61
16 f.25965+99 0. -6.29415-03 0.7041E-#4 1,3469E+02 -0.3819E-03 -0.265#E+04 -6.9993E+02 0.1499E+01
17 0.2596E.66 0. -MMZE6-93 9.73Z15-#4 1.3845E+9 -9.3959E-03 -9.212454 -0.1136E+13 *.1553E.61
18 #.25965.09 9. -0.2185E-03 0.7584E-04 1.4230E+02 -0.498?E-03 -0.2193E+04 -0.1069E+03 0.1614E+01
19 9.25065466 0. -9.12565-63 0.7833E-14 1.4623E+62 -9.4216E-03 -0.2257E+04 -0.110#E+03 9.165lE+o1
26 9.25965.96 9. -9.23105-93 0.86E-04 0.5025E+02 -1.4323E-03 -0.2317E+04 -0.1130E+03 6.16945+61
21 6.25995.99 9. -0.2367E-03 M.889-64 0.5434E+02 -0.4429E-03 -6.Z372E.64 -0.1157E+001 0.1735E+91
22 0.259E+06 0. -0.2419E-03 0.8499E-04 0.5850E+OZ -0.45275-03 -0.242'45.64 -0.1182E+03 0.1772E+01
23 6.25695.96 6. -0.246$E-03 0.8697E-04 0.6272E402 -0.4618E-03 -0.247ZE.64 -0.1215E+03 0.18675.61
24 1.25695.6 0. -0.2513E-03 9.8884E-04 1.6710E+02 -0.4703E-03 -6.Z516E.04 -6.12N75+0 .18465+6
25 6.25#9E*96 6. -0.2555E-03 0.9062E-04 0,7133EW9 -0.4782E-03 -6.2557E+04 -6.IZ47E.63 6.18765+6
26 6.25665+66 0. -0.2595E-13 0.9231E-04 9.75725.02 -0.4856E-03 -0.2596E+04 -0.1265E+03 *.1898E+f1
V7 9.25695.6 1. -1.2631E-03 0.9391E-64 0.8014E40Z -6.49255-03 -0.2631E+14 -6.1283546 9.19245.91
28 0.25695.9 6. -0.2666E-03 0.9543E-04 0.8462E+02 -0.4989E-03 +92664.04 -9.1299E+03 6.19485.9
29 0.25995.66 9. -0.2698E-03 1.9688E-04 9.89135462 -0.5649E-03 -0.2695E+14 -0.1314E+03 #.1971E+01
39 0.2569549 0. -0.2727E-03 6.9827E-04 0.9369E+02 -0.5115E-03 -0.2774E+04 -1.1328E+03 0.19925.6
31 0.2599E4#0 9. -0.2755E-03 6.99595-94 9.98285+62 +95157E-03 -6.275#E+04 -0.1341E+03 6.2911541l
32 0.25695.6 9. +92781E-43 9.1#9E-63 1.1029E+93 -0.526E-03 -0.2775E+04 -0.1353E+03 0.2029E+01
33 9.25105.6 0. -928955-3 0.1021E-03 1.1176E+03 -I.5251E-03 -0.2798E.14 -9.1364E+03 0.2046E.61
34 9.25995.9 0. -9.28285-93 9.1032E-93 0.1123E+93 -0.5294E-63 -0.2819E+14 -0,1374E+03 0.2062E+01
35 §.2599+99 0. -0.2849E-03 0.1043E-03 0.1170E+03 -0.5334E-03 -6.28395+04 -0.1394E+03 0.2076E.91
36 f.25#95.60 0. -1.2869E-03 0.1054E-93 1.1218E+03 -9.53715-03 -6.2L8585.94 -0.1393E.03 0.2090E+o1
37 0.25965.66 1. -0.2888E-03 0.1165E-03 0.1266E+03 -0.5406E-03 -9.2875E+04 -0.14#1E+03 1.2162E.61
38 6.25695.69 0. -+29#5E-03 0.1975E-03 1.1314E#03 -0.5439E-03 -0.2891E+04 -1.1419E+03 *.2114E.I1
39 6.25695.66 9. -629225-63 6.1084-03 0.1363E+03 -0.547#E-03 -1.2906E+04 -0.1417E+03 O.ZIZ5E.61
4f 1.250E+10 0. -0,2937E-03 0.1094E-63 1.14125.63 -0.5499E-040 -6.29Z65.64 -6.1423E+03 f.Z135E+fI
41 6.25995+ 0. -0.2951E-03 0.1193E-03 0.1461E+03 -0.5526E-13 -0.2933E+64 -0.143#E+13 0.2145E461
42 0.2505.99 6. -6.965E-63 0.1112E-03 0.1511E+03 -0.5552E-03 -1.2945E+04 -1.1436E+93 9.21535.91
43 0.25HE.96 0. -1.2978E-03 0.112#E-03 0.1560E+03 -0.5576E-03 -1.2956E4#4 -1.1441E+13 #.1162E401
44 6.25965.69 0. -9.2999E-03 6.1129-63 #.161#E+03 -0.550?E-03 -6.9665.64 +91446E+13 9.2169E.61
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TABLE 4.2-V. DESIGN NO. 5 (Continued)

45 0.25UE+09 0. -9.31E-03 0. 1137E-13 0. 1661E+03 -0.56Z#E-63 -1.2976E+04 -1.1451E+13 *.2176E411
46 1.2599E.99 t. -9.391ZE-63 0. 1145E-03 1. 1711 E+03 -0.5640E-63 -0.2985E+04 -0.1455E+93 0.2183E+I1
47 0.25Uff9 9. -0.3122E-03 0. 1153E-03 9. 1762E+03 -0.5659E-03 -012994E+14 -0.1460E+03 9.2189EMI
48 9.25U#E.99 9. -1.3031E-03 0.116#E-#3 1.1813E+13 -1.5677E-13 -1.3012E+14 -0.1463E+13 #.Z195E+o1
49 0.2500E+01 9. -0.3941E-03 0.1168E-13 0.1865E+63 -0.5694E-43 -1.3119E+04 -0.1467E+03 0.22#1E+I1
50 0.25HEM9 0. -1.3149E-#3 0.1175E-03 0.1916E+13 -0.5711E-63 -0.3016E+04 -0.147#E+03 I.Z216E+I1
51 9.25UE.99 0. -i.3057E-93 0.1183E-03 6.1968E+03 -0.57Z6E-03 -6.39Z2X+04 -0.1474E+03 #.ZZIOE+91

-- 52 *.25UE400 1. -9.3065E-03 0.119#E-03 9.2621E+03 -1.5741E-13 -0.3029E+14 -i.1477E+03 I.ZISE+O1
*53 1.2599E+01 0. -1.3172E-13 1.1197E-03 #.Z#73E+13 -9.5755E-63 -0.3034E+14 -1.1479E+03 I.2219E~91

54 1.2599E+9 9. -1.3079E-03 0.1204E-03 1.2126E+03 -0.5768E-03 -0.3#4#E+14 -9.1482E+13 I.2223E+I1
55 9.Z5UE+00 9. -i.3986E-03 0.1211E-13 112179E+03 -1.5789E-13 -0.3145E+04 49.1484E+63 0.2226E+01
56 0.2599E.99 9. -6.3092E-13 0.1217E-03 9.223E+3 -1.5792E-63 -1.3149E+04 -0.1486E+03 #.223§E+01
57 1.Z590Es99 9. -0.39E-03 MM22E-13 0.2286E+63 -0.5864E-03 -1.3953E+04 -9.1409E.93 O.Z233E+91
58 0.2510E410 9. -1.3104E-63 0.1231E-13 0.234#E+03 -1.581SE-03 -0.3157E+14 -0.149#E+13 0.2236E+o1
59 1.25UE+01 9. -1.3399E-03 #.1237E-93 6.2394E+03 -1.582SE-03 -0.3161E+04 -0.1492E+03 6.Z2238E491
69 0.2509E+00 9. -0.3114E-03 0.1244E-03 9.Z448E+03 -1.583SE-03 -0.3#65E+64 -0.1494E+63 0.22C411
61 0.2509E+00 0. -0.3119E-03 0.1250E-03 6.2513E+03 -0.5845E-03 -0.3168E+04 -0.1496E+03 #.ZZ43E+91
62 *.25HE.99 1. -9.312E-03 0.1257E-13 9.Z558E+#3 -0.5854E-03 -0.3171E+64 -0.1497E+03 9.Z246E+ol
63 1.2509E+06 1. -0.3129E-03 0.1263E-03 12Z613E403 -0.5863E-03 -1.3074E+64 -1.1498E+03 #.Z248E+01
64 #.2500E+09 9. -0.3133E-03 0.1269E-03 9.2668E+03 -0.5871E-03 -0.3#7&E+04 -0.15##E+13 9.225#E+f1
65 1.250fE+09 9. -0.3137E-13 0.1276E-63 #.Z724E.93 -0.588#E-03 -0.3#79E+04 -0.159IE+03 9.ZZ5IEt9I
66 0.25ffE+0 0. -0.3142E-03 6,1282E-03 6.2780E+03 -6.5888E-93 -0.3181E+04 -1.1502E+03 U2f53E.91
67 1.2599E.U 9, -0.3146E-#3 0.1288E-03 1.2836E+03 -0.589SE-03 -t.3083E+04 -6.1503E+03 0.2255E+01
68 *.2500E.99 1. -9.3149E-13 6,1295E-13 6.2893E+03 -0.5913E-03 -f.3985E+04 -0.15#4E+03 1.2256E4O1
69 6.259EM9 1. -1.3153E-03 6.1311E-03 0.2949E+13 -0.591KE-03 -0.3687E+04 -0.1505E+03 0.2Z58E+3I
79 9.25UE+0S 9. -0.3157E-03 0.1307E-03 0.316E+03 -0.5917E-03 -0.3089E+04 -0.1506E+03 I.225EWP
N T BELT ESO ESX 551 us5 SSO SSR Fl

J TWJ FJ UNJ aJ STWJ ciPJ
79 0.2599E.99 0.4982E-11 -0.212#E-03 0.259#E+00 0.25##E+00 1.2897E+01 5.8
69 0.2353E4#0 0.971SE-9l -0.4115E-03 0.4853E+lf 0.4853EM9 0.2884E+01
68 9.2214EM9 0.1421E+## -0.5992E-03 *.7167E+99 9.7167E+99 1.2871E+01
67 f.2982E.99 0.1848E+01 -0.7757E-03 9.9149Ee9 0.9149E+00 0.2858E+l1
66 9.1956E.99 0.2253E+fg -O.9415E-03 6.1IE+g1 9.1111E.91 9.Z845E+Il
65 0.1837E+99 0.2638E+99 *0.1097E-12 9.1294E+l1 9.1294Ei41 #.Z83ZE+ll 30.5
64 9.1724E+#9 0.3##3E+## -0.1243E-02 6.1467E+9l1 .1467E+i1 O.Z819E491
63 0.1617E+00 9.335f+99 -0.138#E-02 9.1628E+Il19.1bZ8E+f1 #.Z896E+I1
62 9.1515E49f 6.3670E+99 -1.1519E-02 9.178#E+01 0.1781E.41 0.2793E+91
61 1.1418E+ff I.3999E+l9 -0.1629E-92 9.19ZlEefl 1.192ZE41 0.2790E.41
69 9.13Z7E+99 9,4285E+00 -0.1741E-IZ I.2154E+91 L29O54E+fl 0.2767E+01 49.5
59 1.1240E409 1.4566E+10 -0.1846E-IZ 9.217SE41 0.217SEW9 9.Z754E+9t
58 0.1158E+96 9.4831E+99 -t.1945E-92 #.2294E.I1 #.2294E491 0.2741E+91
57 0.118#E+00 9.5983E49 -0,2036E-02 9.Z412E,91 O.Z412E+I1 9.2728E~I1
56 1.1117EM9 0.5321E499 -0.Z22E-OZ *.2513EW 1 .2513E+f1 0.2715EM4
55 1.936SE-11 6.5546Eff -0.2211E-12 6.2596EW 19.2596E+91 0.2712E411 64.0
54 1.8708E-01 1,5760E+99 -i.2274E-02 #.Z683E49l 1 .603+11 6.2689E+91
53 1.8083E-11 1.596ZE+19 -1.2343E-62 *.Z764E+91 0.2764E+91 *.2677E+f1
52 1.7493E-11 1,6154E49 -0.2416E-OZ *.2839E49I 1.2839E441 O.Z664E41l
51 1.6935E-01 1.6335E+fg -I.246SE-OZ f.29#8E411 I.2999E49l1AZSIE+91
50 *.64VE-11 0, 6506E49 -9.2519E-9Z 1.2972E+91 0.2973E+91 #.2639E+Il 75. 1
49 1.5919E-11 *.6669E+99 -9.6SE-12 0.3131EW9 0.3032E491 926?SE+S
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TABLE 4.2-V. DESIGN NO. 5 (Continued)

48 9.5438E-01 *.6822E.U -0.2614E-12 1.3186E+I 0.3086EW 1I.261ZE+I1
47 1.4994E-11 1.6967E+U -0.2656E-OZ *.3136E+#1 #.316E+91 *.2599E41l
46 1.4575E-11 0.7114E.U -0.2694E-12 1.3181E411 0.318ZE+61 *.Z586E.I1
45 *.4179E-*1 *. 7234E+## -6.2729E-02 I -3ZZ3E+fI 0.3224E+II fl.2573E.I1 83.5
44 9.38FE-I1 1.7356E+## -g.1761E-12 *.3Z61E.O1 0 .326ZE+O1I *.256eE+9i
43 *.3456E-11 1.7472E+10 -0.2789E-12 fl.329bE.I1 I.3296E+f41 .2547E+91

*42 0.3127E-41 I.7581E+64 -0.2815E-02 *.3327E.Ol 0.3328E.4l1 .2534E.91
41 6.2816E-11 I.7685E.Hf -#.2838E-12 1.3355E+01 *.3356E+OI *.2521E41
46 *.525E-*l1*.7783E.9* -0.2858E-02 #.3^089E+9l1 .3381E~g1 0.2508EW9 89.9
39 1,2252E-11 1.7875E+ff -I.1876E-12 0.3403E+9 0.34#3E461 *.2495E+91
38 0. 19%E-01 6.7963E+10 -0.2891E-02 0,3423E+01 I.3423E+I1 0.246ZE+I1
37 1.1758E-11 *.U46E+I9 -fl.2904E-#Z 0.3449E+I1 *.3441E+4 §.2469E+f1
36 0.1535E-11 0.8124E+00 -#.Z915E-I2 0.3456E+fS1 .3456E+f1 *.2456E+f1
35 I.1328E-01 *.8199E+*9 -0.2923E-#2 0.3469EW 1 L347#E+fl1 .2443E+I1 94 .7
34 0.1136E-11 0.827#E+ff -fl.2930E-I2 0.3489E+I1 *.3481E~h1 O.Z439E.91
33 6.9589E-02 6.8337E+10 -6.2935E-12 0-3491E+01 0.3491EWu S.Z417E+01
32 I.7967E-02 0.84#1E494 -f.2937E-92 *.3498E+f1 0.3499E+01 0.2404E+*
31 9.6491E-1Z 9.8462E+fU -1.2938E-12 I.3504E4B1 0.35#5E4l1.1 .31EMf
39 0.516#E-#2 *.8521E+ff -6.2937E-12 0.3509E+01 1.3519E+* S.Z378E+#1 98 .4
29 0.3977E-02 1.8577E419 -0.2934E-02 0.3513E.491 0.3514E+01 0.2365E+01
28 6.2945E-12 0.8632E+10 -0.29M29E 0.3516E.4i1 .3517E491 O.Z35ZE.91
27 *.2AK-02 0.8685E+10 -0.2922E-12 0.3518E+f1 0.3519E+f1 O.Z339E+O1
26 0.1353E-#2 I.8736E~ff -1.2914E-92 #.351?E+91 *.3521EW 1 .2326E+01
25 *.BlOIE-13 1.8787E+00 -0.2903E-02 0.3520bE.91 .3521E+f1 O.Z313E491 101 .5
Z4 9.45NE-#3 *.863BEqD -t.2889E-12 0.3520E+01 8.3522E+gI 0.231FEW9
23 6.2883E-13 0.8889E+00 -0.2874E-02 0.3521E+11 *.35Z2E+ft 1 .ZZ87E491
22 0.3435E-93 *.894#E+f9 -0.2855E-02 0.3521E.91 0.352?E+#1 0.2274Es41
Z!, 6.6384E-#3 *.8993E+ff -#.Z834E-#Z 0.3522E411 *.3523E+*i 0.2261E+f1
24 1.12O1E-12 0.9048E+90 -0.281#E-02 0.3523EWfl 0.35?4E491 *.2248E+91 104 .5
19 O.2463E-12 0.9106E~ff -0.2782E-02 0.3525E+01 *.3526E+I1 0.2235E+f1
18 0.3267E-02 0.9168E+ff 4.275E-02 0.352BEs4 0 .3539E+II 0.2222EWO
17 0,4858E-02 0.9234E~ff -1.2714E-02 1.3533E+f1 0.3534E+fl 0.ZI9EI1
16 0.6893E-OZ f.9317E~ff -O.267FE-02 0.3549E.4l1*.3541E+f1 *.2196E+I1
15 6.9439E-12 0.9387E+0I -O.262SE-OZ 6.3549E+01 0.3551E+f1 *.Z183EW1 108.4
14 0.1257E-11 *.9476E~ee 412571E-12 1.3562E.11 0.3563E411 0.2171EW4
13 I.1639E-61 0.9577E+ff -9.251#E-02 *.357SEW9 *.3589Ee91 *.2157E+91
12 9.2099E-61 0.969ZE4ff -1.2441E-IZ I.3599E+I1 0.36#1E+f 1 .2144E+91
It *.Z65#E-0i *.9822E.* -#.236#E-02 *.36Z5E+f91 .3627EW 1 .2131E41
I 0.335E-11 *.9973E~ff -I.2269E-1Z *.3658E.91 0.3669E+#41 .2118E491 115.2
9 1.4N2E-11 1.1915E.1l -1.2164E-02 0.3699E.Il1I.37#1E+I1 I.2115E+41
8 1.4999E-ft *.1#35E.91 -0.2046E-#2 *.3749E+91 0.3751E491 0.2192Ee91
7 9.6476E-11 I.1158E+f1 *I.1911E-0Z #.381#E+91 0.381ZE4#1 0.2#79E+f1
6 1.7336E-01 *.1085EM9 -6.1756E-12 6.3883E431 0.388SE+I O.Z466E+I1
5 *.88E-11 0.III7E.II -0.1581E-42 *.3971E.O1 6.3973E+9l1 .2053E+91 129.0
4 *.1151E.Nf 0.1154E+I1 -L.1382E-02 0.4976E+ft1 .497$E.6l f.t#40E41l
3 *.12409 *.1197E,91 -0.1157E-12 MM21EMI1 .4243E411 O.Z27E+I1
2 *.1416E'4* *.1247E41t -0.903#E-03 *.4349E.O1 *.4351E+9 *.2114E+I1
I 1.1737Ef.1 0.1314+11 -I.5917E-13 1.4519.I *.4524E.E1 *.Z#U4E+41 150.6
J TUJ FJ MYJ aJ STNJ CJ
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TABLE 4.2-VI. DESIGN NO. 6

SPOOL BIRE-PACK BOBBIN DATE 04/Z5 179
ES: 1. 1919(48 B: 9.2590(441 U (C .1950E+68 DDIW: 1. 5: #.7938E449
VSz 0.3390E+## A= 0.2450E441 II: 0.499E-62 Kz 0.266#E+65 DELCz 0.1183E-11
T= @.5009E-fi DlS= 0.125E-01 D 0 . E= ( .9751(446 N: 35
DIT= 1. DDS: 0. W~ C.125E-l1 ALFAz 0.531ZE491
N T DELT ESO ESI S51 us S50 SSR F1
I 0.2599(4490 9. -0.4ft9E-94 0.132#E-04 -1.137ZE-95 -0.9738E-64 -0.404#E+93 -0.800K+01 1.1100E4H
Z 9.2569E+99 0. -0.791SE-04 f.2617E-94 9.6214(499 -#.1927E-03 -i.7992E+03 -9.1582EW9 0.1978E499
3 #.256E.H 1. -#.1175E-03 9.3894E-#4 0.1867E.91 -0.2861E-13 -#.1186E+94 -9.2349(402 9.Z936E499
4 1.2500E.99 9. -1.1551E-13 0.5151F#94 1.354bE.91 -0.3776E-13 -0.156&E+94 -9.3101EW9 1.3075E+09
5 9.2599(44 9. -0.192$E-13 0.6386E-14 9.5827E491 -1.4673E-03 -0.1937E+04 -0.3835E+12 1.4194E+m
6 9.2599EH C. -0.2281E-03 0.7663E494 9.8638E+f1 -1.5552E-13 -9.2301E+14 -1.4556E+12 1.5694E~t9
7 1. 599(449 f. -1.263SE-03 9.8890(-9 9.1197(49 -9.6414E-f3 -0.2657E+#4 -9.5Z61(492 1.6576E.99
8 9.254K(49 f. -9.2982-13 I.9979E-94 1.1581E492 -f.7258E-93 -9.3906(49 -9.595Z(442 9.7449(499
9 9.2590E449 9. -0.3321E-03 1.1114E-13 1.2115E+62 -1.8#85E-13 -1.3348E494 -I.6629E+92 9.8286E~99
I9 9.2599(449 9. -0.3655E-93 0.12ZOE-03 9.2497(492 -I.B896E-13 -0.3683E+94 -1.7292EW9 1.9115E+09
It 1.2590(.99 0. -0.3981E-03 0.1349E-#3 1.3028E+02 -0.9691E-03 -1.4111E+04 -0.7941E+12 9.99Z7E+99
12 #.2590(.H 0. -9.4391E-93 9.14S1(-93 9.3665EW9 -9.1#47E-02 -1.433ZE+94 -1.8577E492 1.1972E+o1
13 1. 2599+u19 . -9.4614E-f3 1.156#E-03 #.4ZZ8E+02 4912E-2-.4647E494 -9.299402 0. 11 59(44
14 9.2599(49 9. -1.4922E-93 1.1667E-13 #.4896E+92 -1.1198-12 -94955E494 +I98I9E.92 9.1226E491
15 9.25U(.99 9. +952N493 9.1773E-#3 9.5698(49 -0.1271E-11 -1.5257(444 -1.1141E+#3 1.1391(491
16 9.2590(499 0. -9.5518(-93 0.1877E-#3 *.6364E+92 -9. 1343E-92 -0.5552E+94 -1.199E(413 1.1374+411
17 f.2599(499 9. -0.5W9E-93 1.198JE-03 0.7161E412 -91414E-92 -0.5842E+04 -0.1157E+#3 9.1446E491
18 9.2599(49 9. -1.6491E-13 9.298E-13 1.8111E42 -1.1483(-92 -1.61ZSE494 +91213E493 9.1516(491
19 1.2549(.f 9. -1.6369E-03 0.2189E-13 1.888§E+12 49.1550E-12 -1.6403E+14 -9.61243 1.1585E441
29 9.Z599(.9 9. -0.6641E-#3 0.2278E-03 9.989(42 -9. 1617E-12 -1.6675E+14 -9.1322E+13 0.1652(441
21 f.250(.9 9. +96908(-93 9.237SE-3 0.1176E493 -0.1682E-92 -9.6942E494 -9.1375E493 1.1718E+91
22 9.2599(49 1. -1.717#E-03 9.2479E-03 0.1176E+03 -0.1746E-#Z -9.7293(494 -0.14W6(13 #.1783E.91
23 0.2599(49 0. -0,7427E-13 C256443 9.1279(493 -1.18I8(-92 -1.7459E+14 +91477E+03 9.1846E+91
24 9.2590(449 9. +97679E-03 1.2656E-13 1.1386E+93 -1.1869E-02 +97711E+04 -1.1526E+03 9.196BEI11
25 9.2500(49 9. -0.7925E-#3 0.2747E-#3 0.1497E+#3 -1.1929E-02 -0.7955E+94 -1.1575E403 1.1969(491
26 9.2590(49 9. -1.8167E-13 9.2937E-93 6.1611E403 -0.198E4-2 -1.8196E+94 -1.1623E+13 1.2028E~91
27 1.2540(49 f. +98404E-03 9.29Z6E-03 9.1729E+13 -9.Z4E-12 -f.8431(494 -0.1669E+13 9.2987EW9
28 9.2599(49 9. -0.8637E-03 0.3913E-13 9.1859(493 -9.2193-2 -f.8662(494 +91715E+93 9.2144(491
29 9.2540(9 C. -0.8865(-93 9.3199(-03 9.1975(493 -9.2158(-02 -1.8888E+04 -0.176#E+13 9.2299(491
v 9.2590(49 9. -f.9989E-93 9.3185(-#3 9.2192(493 +92213E-12 -0.9111E+94 -9.1804E493 9.2255(491
31 9.259(49 1. +99318E-13 9.369E-13 9.2233(493 -9.266E-92 -9.9327(494 -9.1847E+13 9.239(4
32 1.2590(4990. -1.9523E-13 0.335ZE-93 0.2368E403 -9.319E-IZ -1.9549(414 -1.1809E+93 9.2361(491
33 0. 2590(4 9. +99734E-13 0.3433E-03 1.2515E493 -1.2370(-92 -1.9749E+94 +91931E43 9.2413(491
34 C.2590(.9 9. -9.9941(-3 0.3514E-03 1.2645E+13 -9.2429(42 -1.9953E+94 -9.1971(493 9.2463(491
35 9.2599E.9 I. -0.1014E-02 0. 35"E(-13 i.2789E493 -0.2470E-02 -1.1115E495 +92010(+13 9.2513(491

B EL.T (SO Egg 551 us NSO SSR F1
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TABLE 4.2-VI. DESIGN NO. 6 (Continued)

J TiJ FJ UWJ gJ STWJ CJ PJ
35 1.25UE+0 6.5031E-01 -I.1175E-13 0.2510E+00 .Z5#iE+* 1.2869E+01 7.0
34 0.2451E+OI 1.110E+09 -1.2126E-93 t.4951E+ff 0.4951E+1I O.2858E+01
33 1.24t3E+*9 0.1491E+fl -1.3154E-03 0.7354E+00 0.7354E+f 0.2847E+01
32 0.2355E+ff 0.1976E+M -1.4161E-13 0.9709E+0 0.9799E+U 1.2836E+t!
31 0.2368E+1 *.Z455E+ff -0.5143E-03 0.1ZIZE+61 0.1212E+01 0.Z8Z6E+01
31 0.2Z62E+00 f.2929E+0f -0.6104E-03 *.1428E+91 0.1428E+01 0.28!5E+91 40.6
29 0.2216E+00 0.3396E+00 -0.7043E-03 0.165#E+01 0.1650E+01 .2804E+01
28 0.2171E+00 1.3858E+0 -9.7959E-03 0.1867E+01 *.1867E+01 I.2793E+gl
Z7 0.2127E+0# 0.4315E+00 -4.8854E-03 .2079E+01 .Z079E+fl *.2782E+O!
26 0.2084E+00 0.4766E+0 -0.9727E-03 0.2288E+St 0.2788E+01 1.2771E+0!
Z5 I.214lE+6I .5211E+6I -.1058E-0Z I.249ZE+ft #.Z49ZE41 .Z71!E4#1 72.2
24 1.1999E+00 0.5652E+01 -0.1141E-02 0.269ZE+01 O.Z692E+f! 0.Z750E+6l
Z3 I.1958EM 1.6087E+I# -0.IZZZE-iZ 1.2888E+f1 .Z888E+9! I.2739E+l!
22 0.1917E+f 0.6516E+ff -0.130E-OZ 0.3179E+1 1.3079E+01 0.2728E+0I
21 0.1877E+01 1.6941E+00 -6.1377E-02 0.3Z67E+tl 0.3Z67E+01 0.2717E+01
20 0.1837E+01 0.7361E+00 -0.1452E-02 0.3451E+f1 0.3451E+#l 1.2707E+01 102.0
19 0.1799E+01 0.7776E+00 -I.1524E-02 0.363#E+01 0.3630E 01 0.2696E+1
18 0.1761E+00 0.8186E+00 -0.1594E-02 0.3807E+01 0.3807E+01 0.Z685E+01
17 I.1724E+*I 0.8591E+00 -0.1663E-02 0.3979E+01 0.3979E+01 0.2674E41
16 0.1687E+10 0.8992E+69 -0.1729E-OZ 0.4t48E+9t 6.4148E+f! O.2663E+I1
15 0.1652E+.9 0.9388E+0 -0.1793E-02 0.4313E+I1 0.4313E+91 I,2652E40t 130.1
14 *.1617E+4 ,978#E+6 -1.1855E-9l2 #.447r441 9.4474E+1 *.264ZE+g!
13 .1582E+49 .1*17E+6! -I.1915E-OZ 0.4633E+01 0.4633E+g! I.2631E+01
ItZ I.1549E+II 1.155E491 -.1973E-OZ 0.4788E+01 6.4788E+91 9.262#E+01
11 0.1516E+## .1f93E+4l -0.2029E-42 0.4939E+#! 0.4939E+l *.Z609E+01
1 I.1484E+fI 1.113E+91 -1.2083E-02 0.5188E01 f.5088E+g1 0.2598E+gt 156.6
9 0.1453E+. f.1168E+f1 -#.Z135E-02 0.5233E+g! 0.5Z33E+f1 1.2587E+01
8 .1422E+00 1.1204E+11 -.2185E-0Z 0.5375E+01 0.5375E401 .2577E+01
7 0.1393E+fg 0.1241E+01 -O.Z232E-02 0.5514E+01 i.5514E+0! f.2566E+01
6 0.1364E+00 0.1277E+01 -0.2278E-02 0.5651E+01 0.5651E+01 O.Z555E+01
5 0.11)36E+00I 9.1313E+Ot -9.Z:321E-O6Z 0.5784E401 1.57S4E49t 0.54A4E401 181. .9
4 0.1308E+00 0.1348E+01 -0.2363E-0" 0.5915E+01 0.5915E+f1 0.2533E+01
3 #.I1282E499 9.1380 E+Ot -1.249ZE-82 0l.603E+01 0.6143E+01 1,15ZZE+41
L .1257E+00 0.1418E+01 -0.2440E-02 0.6169E+01 0.6169E491 0.2512E+1
1 #.1232E+00 0.1451E+01 -1.2470E-0Z .621OZE.91 0.6Z92E+I 0.2500E+01 201 .1
J TWJ FJ UWJ Qj STWJ CJ
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4.3 MECHANICAL AND PAYOUT TESTING

The dispenser design effort described above has been performed in

parallel with supporting experimental activity. This concurrent effort

has served to provide certain data available only by direct measurement

and to verify the results of the design analysis. For each of the full

length bobbin designs there has been a design of an experimental bobbin

adapted to the available length of cable. These experimental bobbins

have been very useful in understanding the internal mechanics of the cable

pack.

The experimental results from the various bobbins tested to date

are described below. The testing performed has been quite varied and

has included: (1) the measurement of the transverse compressive modulus

of the cable (performed by squeezing a short length of cable between two

plates and determining the force-displacement relationship), (2) the

determination of the compressive force on the spool resulting from the

squeezing action of the various layers and providing an indication of

the magnitude of the residual tension in the various layers, and (3) high

speed payout of the wound bobbins. The results of this testing for the

various bobbins is described below. The discussion is somewhat more

detailed for Bobbin 1 than for the others, since the experimental

techniques are described there in some detail.

Bobbin 1. The first experiment was representative of design

number 1 in table 4.2-1. One and two tenths km (3900 ft) of 0.02 inch

diameter cable was available for the experiment. Choosing a spool diameter

of 3.5 inch, i = 9, t = 6 inches, and N = 17 layers, equation 4.2-1 results

in L = 3820 feet which was satisfactory. The spool is shown in figure 4.3-1.

In order to calculate the cable pack stresses using the computer programs,

the transverse stiffness of the cable is required. This was obtained by

squeezing the cable between two precision steel blocks, 6 inches long and

plotting the force/unit length against the compression. The result is shown

in figure 4.3-2. An indication of the creep characteristis can be seen a1lo.
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0r0-

r14 1

3-2i



4.5 HOURS

15-

20.z/

0 .001 .002 .003 .004 00O

COMPRESSION -INCH

Figure 4.3-2. Bobbin 1, Cable Force-Displacement Characteristics
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Since the program handles only linear transverse force deflection charac-

teristics, a linear approximation was made as shown. (Table 4.2-I1 shows

* maximum Fl - 5.6 lb/in.) The computer output is shown in table 4.3-I for

* this test bobbin which is essentially the same calculation as shown in

table 4.2-TI with N = 15 here.

The bobbin winding has been accomplished using a modified TOW base

layer winding machine., This machine is much simpler than the machine
used to wind the TOW bobbins, and for the TOW program, is used to ,ind a

single layer of wire, always in the same direction. The modified machine

is illustrated in figure 4.3-A. The modifications which were incorporated

included the following:

1. The machine was modified to permit winding in both directions,

allowing the winding of multiple layers. This modification also permits

the adjustment of the lag angle which is the angle between the cable at

the laydown point and the plane of the turn being wound.

2. The tension control mechanism was modified to permit operation

at substantially lower tensions than were available with the original

design. The resulting tension control mechanism is only marginally

satisfactory. At the low tension levels involved, any pulley friction

or other disturbances downstream from the tension control can signifi-

cantly alter the winding tension. The current design, although adequate

for its current purpose, does require a large amount of operator attention.

The machine which has resulted is quite flexible and has demonstrated

the ability to wind cables of various dimensions on bobbins of substan-

tially different sizes.

The machine currently has no provision for applying adhesive

o the cable as it is being wound, as is the case with the TOW produc-

on winders. In- this series of experiments no adhesive was employed

OxcEpt acrylic lacquer, which was applied manually to stabilize the

transition regions at the end of each laver.
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The cable winding procedure was outlined as follows:

1. Set winding tension = 0.5 lbs.

2. Mount spool on winder with ends of strain gage leads protrud-
ing through hole in small end plate.

3. Read strain gage.

4. Begin winding on large end of spool, leaving 6 feet of cable

unwound but taped down to the flange avoiding sharp bends.

5. Wind down to the small end, step back 4-1/2 turns and wind
to the large end locking in the cable end.

6. Read strain gage.

7. Wind two more layers, stepping back 4-1/2 turns at each end.

8. Read strain gage.

9. Repeat steps 7 and 8 until cable is used up.

NOTE: Strain gage leads should not be free to move around inside
the spool during winding.

A plot of the strain during winding versus layer number is shown in

figure 4.3-3. Also shown is the theoretical strain ESO from table 4.3-1

for T = 0.5 pound. The difference is due to an error in setting the cable

tension during winding. The circumferential strain on the inner surface of

the spool with external pressure p is

2 pb2
Et E b2-a2  (4.3-1)
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TABLE 4.3-I. BOBBIN 1 DESIGN TABULATION -NOMINAL TENSION

SPOOL WIRE-PACK BOBBIN DATF e!I>
IS= 0.101iE+N B= 0.1751E441 EC: 1.1165#E+8 DDM:- #. S: 0.9928E-11
VS= 1.330E+## A: *.165§E441 Oz I.49?#E-12 K: 0.6#1E+14 DELC: 1.1704E-@1
T: I.Ifi*E+H DS= 1.1968E-01 00=l 6. E: *.595ZE.96 N= 15

DT= f. DOS= 0. Nz *. 1968E-11 ALFA= *.8738E.*1
N T DELT ESO ESI SSI us SSO SSR 1
1 0. 5#iV+* 0. -1.2599E-#4 0.8545E-15 -1.S11E-06 -9.4197E-14 -1. 2615E+13 -1. 1452E+02 iI. 157F -0
Z 1.50UE+f 9. -#.5145E-14 f. 1716E-P14 .9676E.Uf -0.8339E-14 -0.5193E+03 -1.2883E+02 9.5674;*00
3 1.5HE+H 0. -0.765ZE-04 1.2548E-#4 1.2637E+fI -I.124#E-03 -t.7720E.13 -1.4285E+Ol 0,04,34f 40
4 *.59UE+00 1. -0.11E-13 1.3377E-M 1.5159E+91 -1.1637E-93 -9.1018E+04 -9.5651E+02 911~
5 0.5###E+I9 0. -§.IZ47E-S3 *.4188E-P4 f.9436E+91 -#.Z9ZIE-03 -9.1l256E+94 -0.6974E+02 4.137LZF'e1
6 *.5UE49* 9. -i.1475E-03 0.4978E494 *.1243E+02 -1.2391E-13 -1.1486E+14 -1.8248E+02 0.1621r+01
7 0.59ffE+01 1. -0.1695E-03 1.5743E44 1.i768E+#R 4.2747E-13 -1.1766E+04 -0.9469E+02 0.18644E+1
8 1.5S0§E4U 0. -9I9PE-13 0.64B1E-P4 *.ZZ36E+IZ -1.3187E-03 -1.1916E+04 -9.1164E+13 6.Z0931+11
9 I.59ffE.Hf 0. -1.21144-3 0.719ZE-14 I.2821E44Z -1.3412E-13 -I.2116Ee14 -0.1175E+#3 0.2311E+01

to I.599ff.u 9. -1.2294E-#3 0.7875E-M f.3458E+02 -1.3719E-13 -11Z365E+04 -I8fE493 9.Z519L+#1
11 I.59ffE.H I. -1.2474E-13 *.8529E-#4 1.4144E+02 -9.491E-93 -O.2485E+94 -1.137?E+03 8.2714[401
12 I.5#@E+99 f. -1.2644E-03 *.9154E-14 1.4873E49 +94287E-13 -0.2654E+#4 -1.1473E+#3 0,2899F+9j
13 1. 5NE+9 1. -1.2814E-13 0.9751E-94 1. 54E.9 -1.4547E-13 -I.2813E+I; -1,1562E+13 0.3173E+91
24 *.5ff+9 9. + MZ95-13 1.1032E-13 1.644SEWf -0.4792E-13 -0.2963E+04 -0.1645E+#3 #.3237F411
15 0.51ffE+1I 9. -1.3197E-13 0.1096E-13 1.7287E+9Z -0.5123E-13 49.31044+4 +91723E+03 0.3691E49

flTiJ FJ UNJ gJ STWJ cJ
15 0.59UE.19 9.1451E.99 -0.3155E-13 #.SN99EN I.5M9E40 1.1999E491
14 0.4696E.Hf 9.M87E+## -S.595ZE-13 *.9696E+N #.9696E499 t.1979+411
13 *.4423EM0 *.4168E+ff -1.8391E-#3 9.141ZE.9l1 .1412E+9l1 .1956E+t1
12 *.4181E.99 *.5449E+I9 -1.1047E-02 1.183§E.9I 0.1831EM 1I.1939E+I1
It 0.3971E~ff 9.6691Es4I -1.IZISE-12 0.2227E491 I.2227E~ .I 1 9ZE491
if 0.3796E.99 1.7991E.9 -0.1351E-12 9.26#7E49l1 .2617E401 #.199E.I1
9 0.3657E~ff 0.9#91E+99 -0.1445E492 9.t972E49l1 .297ZE4#1 #.1888E+#l
8 9.3550E.99 #.1627E441 -f.14902 *.33ZBE.Il1*.3328E4#1 #.1871E+91
7 9.3499E+f *.1146E.91 -1. 15ME-12 0.3678EM9 0.367BE4#1 6.1854E+1I
6 1.3487E+f 1.1266E411 -I.1474E-92 9.41Z7E.61 0.4127E41f 0.1837E.I1
5 1.35Z3E.99 1.1309Eft -1.1392E-12 f.4379E411 9.4379E.9t1 .1819E411
4 *.3612E,99 1.15SE+91 -f.126#E-92 1.474§E49l1 .4749E491 0.IB9ZE+f1
3 f.376#E499 9.1654E+#1 -#.1#75E-12 f.5116E.9l1*.5116E4#1 0.I70SE.91

* 2 *.3971E~ff 9.1899E.1 49.6331E-03 1.5513E+#l 0.5513E.91 1.176SE+91
I 1.4251E.990 *.19599I -0.5023N-63 1.5934E491 6.5938E491 0. 17VE+f I
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TABLE 4.3-I1. BOBBIN 1 DESIGN TABULATION - MODIFIED TENSION

SPOOL WIRE-PACK BOBBIN OATE 1IV19/7F
0. *101048 B= 0. 1750E+01 EC: 0.115#E+18 9DW: 1. S: 9.992BE-I1
0.1100E40 A= 0.165#E+ft 0: 0.49Z9E-07 K= 9.60lIE+04 DELCz #.1704E-11

* - .IOME+90 DS% I.1968E-0I Do= 0. E= 0.595ZE+96 NZ 15
PIT: 0. DOS= 9. OW= 1.1968E-01 ALFA= 0.8738E+01

T DELT ESO ESI SSK us 550 SSR F1
1 #.927*E40 1. -0.4801E-04 0.1584E-14 -1.1186E-05 -I.7781E-#4 -1.4849E+03 -9.Z69ZE+IZ f.5Z97EHf
8 .97170E+00 0. -0.1539E-#4 0.3163E-64 0.1683E491 -0.1546E-#3 -0.9629E.93 -1.5345E+02 1.115ZE+f1
0,927qE+00 0. -0.1419E-03 *.4725E-04 0.4889E401 -#.Z3#1E-93 -i.1431E+04 -1.7945E.IZ *.1564E.O!
0.9270E4O05 . -0.1872E-03 *.6262E-94 1.9564E.*1 -1.3134E-63 -1.1887E+14 +01148E+03 #.Z162E+Oi
1.927O400 9. -0.2311E-13 1.7765E-94 9.1564E46Z -1.3747E-03 -0.Z3t9E.94 -0.1Z93E.*3 1.2544E+f I
l.Z i0E+09 0. -#.2735E-03 1.922SE-14 1.2304E+12 -0.4434E-#3 -0.2755E+#4 -0.1529E+03 0.3119E+01
0,1270E+00 1. -0.3142E-13 6.1065E-93 *.3167E4*Z -0.5#93E-13 -f.3163E.94 -f.1756E+03 1.3455E+l1
# .?67SE+## 0. -#.3531E-03 0.1202E-13 1.4145E+02 -0.5724E-03 -I.355ZE+I4 -0.1972E+#3 f.3881E+ft
f9?~7i0E+#0 f. -L39#1E-03 *.1333E-#3 *.5Z3*E+02 -0.6325E-#3 -1.3923E+64 -0.2178E+03 0.4Z85E+#l

14 9.?270E+00 f. -0.4253E-93 0.146IE-03 1.6411E+12 -0.6896E-#3 -I.4Z74E404 -1.2373E+#3 0.466914!
1: #09zTSE+o0 6. -0.4586E-03 0.1581E-#3 0.7682E+02 +97437E-03 -1.4617E+14 -1.2557E+13 1.5033E~I1
I-, 9.727*0E9f 1. -0.4991E-03 1.1697E-#3 *.93E402 -0.7948E-#3 -f.4?ZIE+04 -f.2731E.03 0.5375E+0l
13 f.rZ70E40j 0. -0.5199E-#3 *.1818E-03 1.1146E+13 -0.843#E-03 -1.5216E+04 -1.2895E+03 1.5698Et01
A4 0.15,0E+00 0. -0.5479E-13 f.1913E-03 0.1196E+03 -0.8085E-#3 -9.5494E+04 -6.305#E+03 1.61#ZE+fI
- .4 ~ E+9* -0,5742E-03 1,2114E-13 0.135]E+03 -1.9312E-03 -0.5755E+04 -1.3194E+#3 f.6Z87E+tl

NiFJ uot Qd STWJ Cd LB/ I N pj
0, 4.;71lE+## O.Z699E+90 -0.5849E-03 0.927#E+#@ 0,9Z7#E+00 0.199#E401 .466 23.7
1 .q74AE.O0 9.5261E+00 -f.f103E-0Z 0,1798E+ft 9.1798E.9l 0.1973E491 .911 46.3

F 0. 81 ?4+00 0.7727E+00 -0.1556E-OZ f.ZblBE+I1 O.Z618E401 I.1956E+Ot 1 .338 68.o
.75IE40@ 0.t01OE401 -0.1941E-92 0.3393E+01 0.3393E49l1 .1939E+01 1 .749 88.9
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;q.6s,)E+00 0.1904E+01 -0.2777E-fZ 0.6171E+91 9.617#E*0I 4.IO71E4I! 3.298 167.6
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The pressure due to winding one layer of cable is

b T (4.3-2)

Eliminating P from 4.3-1 and 4.3-2 leads to

i b2 _ a2

T = Eds  2b a t (4.3-3)

For the present case, 4.3-3 becomes

T = .0193 Et  (4.3-4)

The actual strain after winding one layer of cable was t= 48 p in/in.

Introducing this into (4.3-4) results in T = 0.93 pound which was the

actual winding tension. The computer run for this tension is shown in

table 4.3-I, and the spool strain is also plotted in figure 4.3-3. The

disagreement at higher layer numbers could be due to creep in the cable

coating. Some relaxation is evident with time as shown in figure 4.3-3.

To simulate the effect on the cable of 68 layers being wound on a spool,

a pressure vessel was designed to apply pressure to the top layer of

cable. A cross section of the vessel is shown in figure 4.3-4. The

bobbin was inserted into the vessel with a special rubber bladder between

the top layer of cable and the vessel inside diameter as shown in figure

4.3-5. The valve stem protruded through the hole in the side. Referring

back to figure 4.2-8, the interlayer pressure for 15 layers is 195 psi

for design number 1. Strain as a function of pressure is shown in figure

4.3-6 and appears to be quite linear. The assembly was then placed in an

oven at 1600 F overnight and the strain is shown as a function of time,

increasing as the spool warms up. The next morning the pressure was down

to zero at 1600 F because the valve stem had failed during the night.

This point is shown in figure 4.3-6. After cooling to room temperature,

the relaxation of the cable pack due to the pressure/temperature cycle

can be seen.

This bobbin was dispensed on the TOW high speed payout test

facility. The bobbin was held in a fixture which measures axial bobbin

force; i.e., the force acting on the bobbin in the direction of payout.

The cable is wound on a drum driven by a speed-controlled air turbine.
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Peel Point

FA 0

T

Figure 4.3-B. Cable Dispensing Parameters

The tension T required to dispense cable at a large distance from
the bobbin at velocity V is given by

T = (1.5 + a)p'V2 + FA (4.3-4a)

where P' is the cable lineal density, FA is the axial bobbin force, and

a is an aerodynamic drag factor. The axial bobbin force is generated by

friction at the peel point (see figure 4.3-B) and wherever else the cable

being dispensed may be touching the bobbin, and depends on the character

of the cable coating. The axial bobbin force, spool strain and turbine

speed were recorded during the test. The bobbin was successfully dispensed

at the first attempt. Cable tension at the turbine was also recorded by a

method involving running the cable through three eyes which are offset and

then measuring the lateral force on the center eye (see figure 4.3-7).

This force can then be related to the tension.

501

F

Figure 4.3-7. Cable Tension Measurement Technique
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ST =P' V2 + F (4.3-5)
2 sin a

- The axial bobbin force was roughly an order of magnitude higher than

was typical for TOW wire, indicating high surface friction on the

- coating. All pertinent parameters and results are summarized in

table 4.3-Ill.

Bobbin 2. The second experiment consisted of a nonwaveguide

cable wound on a spool similar to experiment 1 (see table 4.3-111).

* The spool strain as a function of layer number is shown in figure

4.3-8. Some relaxation is also evident after winding. The bobbin

was placed in a 1600 F oven overnight and strain as a function of

time is shown in figure 4.3-9. Considerable relaxation had occurred

as a result of the temperature cycle. The bobbin was successfully

dispensed on the first attempt. The axial bobbin force was more than

double that of Bobbin 1.

4
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Figure 4.3-8. Bobbin 2, Spool Strain Versus Number of Layers
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Figure 4.3-9. Bobbin 2, Spool Strain Versus Time
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Bobbin 3. This bobbin was wound as shown in table 4.3-111. The

results of the squeeze test are shown in figure 4.3-10. The stiffness of the

WCC-2 coating is higher than that previously measured on Bobbin 1. The spool

strain due to winding is shown in figure 4.3-11 as a function of layer number.

The effect on spool strain due to pressure and subsequent temperature is shown

in figure 4.3-12. Four attempts at payout of Bobbin 3 resulted in breakage at

the takeup reel, making the means of attachment to the reel suspect. The

attachment mode was changed, and on the fifth attempt failure occurred at the

bobbin. This made the cable itself suspect. The remainder of the cable was

returned to ITT for proof testing. It was discovered that the adhesive was

damaging the coating and ITT submitted photographs shown in figure 4.3-13.

Examination of break ends with the scanning electron microscope (SEM) revealed

an inclusion in the glass fiber in one of the ends; a SEM photograph is shown

in figure 4.3-14.

Bobbin 4. This bobbin was wound with a cable having a different coat-
ing. The results of the squeeze test are shown in figure 4.3-15. The spool

strain during winding is shown in figure 4.3-16 as a function of layer number.

The effect due to pressure and subsequent temperature is shown in figure

4.3-17. The creep due to the pressure/temperature cycle is slight because of

the small number of layers. Bobbin 4 dispensed successfully down to the bot-

tom layer and failed after dispensing 1/3 of this layer. Examination of the

end showed a large eccentricity between the fiber and the buffer coating.

The payout failure is believed to be the result of this large eccentricity.

Bobbin 5. When short lengths of smaller diameter cable are wound, only

a few layers result on the 6-inch long spool; therefore a 3-inch long spool

was designed as shown in figure 4.3-18. This bobbin was representative of

design number 2. The spool strain resulting from winding cable is shown in

figure 4.3-19. Since the spool is short, the last layers have relatively

few turns because of the step back for each layer. Thus the effect of the

spool ends is to reduce the strain as shown in figure 4.3-19. Bobbin 5

dispensed successfully down to the bottom layer and failed afer dispensing

1/2 of this layer. The end also showed a large eccentricity between the

fiber and the buffer coating. A SEM photograph is shown in figure 4.3-20.

An examination of figure 4.3-20 indicates that the first point of initia-

tion of the fracture of the glass was adjacent to the thinnest
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Figure 4.3-10. Bobbin 3, Cable Force-Displacment Characteristics
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Photograph No. 1

.020" of fiber coating attached to
adjacent wrap. Note inside diameter
of fiber coating. Approximately

same diameter as glass.

Photograph No. 2

Similar to photograph No. 1,
except at another location.

Photograph No. 3

Glass core of fiber (cable)

77 intact. Cable jacket stripped
away.

Figure 4.3-13. Buffer Damage Due to Adhesive Action - Bobbin 3
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Figure 4.3-14. Inclusion in Glass Fiber - Bobbin 3
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Figure 4.3-15. Bobbin 4, Cable Force-Displacement Characteristics
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Figure 4.3-16. Bobbin 4, Spool Strain Versus Number of Layers
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Figure 4.3-17. Bobbin 4, Spool Strain Versus
Applied Pressure and Temperature
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Figure 4.3-19. Bobbin 5, Spool Strain Versus Number of Layers
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Figure 4.3-20. SE'I PhotograPh of Failed End
From Bobbin 5 Pavout Test
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section of the buffer coating which was less than 0.001 inch (25 pm)in thick-

ness at that point. The large eccentricity between fiber and buffer coating

is the result of a difficulty in manufacturing.

Bobbin 6. Bobbin 6 was an attempt to wind a bobbin which would dis-
pense from the inside out and was representative of design number 4. A spool

measuring 4-1/2 inches in length was designed as shown in figure 4.3-21.

Two layers of number 30 enamelled wire with an OD of 0.0114 inch were wound

on the spool for a base. Both wound in the same direction in two pieces.

On top of these the fiber optic cable was wound and each layer was sprayed

with an acrylic adhesive. Upon completion of winding, a "can" was placed over

the bobbin and the space between was filled with foam. After the foam had

set, the base layers were pulled out so that the spool could be withdrawn

exposing the inner layer of cable which could now be dispensed from the

inside. Such a cable pack has very little interlayer pressure but must be

held together with adhesive. Three attempts were made to dispense Bobbin 6.

In eacb case failure occurred at the peel point before maximum speed was

reached. Failure has been attributed to the buffer-adhesive incompatibility

as described with Bobbin 3.

Bobbin 7. Bobbin 7 was wound on a 4-1/2 inch long spool with small

diameter cable (0.008 inch). The results of the squeeze test are plotted in

figure 4.3-22 and reveal a high stiffness. The spool strain as a result of

winding is shown in figure 4.3-23. The data suggests a drop in winding ten-

sions subsequent to the second layer. Bobbin 7 could not bd dispensed on the

payout test facility because the adhesive damaged the coating such that the

glass was exposed. Figure 4.3-24 shows the damage.

Bobbin 8. This was another inside payout bobbin, similar to Bobbin 6.

Two layers of 0.009 inch enamel-coated wire were wound on the spool to facili-

tate removal of the spool after encapsulation of the cable pack. A photograph

is shown in figure 4.3-25. This bobbin could not be dispensed for the same

reason as number 6 and 7.
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Figure 4.3-22. Bobbin 7, Cable Force-Displacement Characteristics
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Figure 4.3-24. Bobbin 7 - Failed Ends
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Bobbin 9. Bobbin 9. was wound on a short spool of the same diameter as

Bobbin 7, but with larger diameter cable (see table 4.3-III). The squeeze

test data is plotted in figure 4.3-26 and is linear in the region tested. Creep

recovery is almost complete also. The spool strain resulting from winding is

shown in figure 4.3-27. It reveals the end effects of the short spool and a
change in winding tension subsequent to layer four. A photograph is shown in

figure 4.3-28. One attempt was made to dispense this bobbin on the turbine

pay out facility. The cable broke on the bobbin almost immdediately, and on

restringing, addditional breaks occurred. Again, adhesive-buffer incompatibility

was concluded to be the cause of failure.

Bobbin 10. Bobbin 10 was representative of dispenser design number 3,

employing the large diameter spool. The test spool is shown in figure 4.3-29,

and the pressure vessel which was designed for the 6-inch long spool is shown

in figure 4.3-30. An adapter was designed such that the shorter test spool

would fit into the pressure vessel. The spool strain is shown in figure 4.3-31.

Again the effect of a short spool with rapidly decreasing number of turns per

layer can be seen. A photograph of the bobbin is shown in figure 4.3-32. This

one could not be dispensed because of coating damage from the adhesive.

Bobbin 11. Bobbin 11 was a 3-1/2 inch diameter spool wound with a cable

having a thicker coating of DeSoto 8 than used in earlier bobbin experiments

(see table 4.3-111). The results of the squeeze test are shown in figure 4.3-34.

This one dispensed successfully on the second attempt. On the first attempt,

the cable broke at the take-up reel after pulling off approximately one layer.

Failures at the take-up reel are encountered quite frequently and are not

normally considered as payout failures.

Bobbin 12. Bobbin 12, which was representative of design number 5, was

wound with a coating similar to Bobbin 1. The cable diameter was reduced from

that used in Bobbin 1, but significantly larger than all other prior experiments.

The squeeze tesL data is shown in figure 4.3-35 and is the first to show a •

stiffening effect. Creep recovery was also limited. The spool strain resulting

from the winding is shown in figure 4.3-36. The wound bobbin is illustrated in

figure 4.3-37. The effect of creep can be seen especially in the decrease in

strain overnight. An increase in winding tension is also suggested on the

second day.
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Figure 4.3-27. Bobbin 9, Spool Strain Versus Number of Layers
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Figure 4.3-29. Test Bobbin 10, Spool Geometry
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Figure 4.3-30. Bobbin 10, Pressure Vessel Geometry
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Figure 4.3-31. Bobbin 10, Spool Strain Versus Number of Layers
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Figure 4.3-33. Bobbin 11, Cable Force-Displacement Characteristics
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Figure 4.3-34. Bobbin 11, Spool Strain Versus Number of Layers
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Figuire 4.3-35. Bobbin 12, Cable Force-Displacement Characteristics
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Figure 4.3-36. Bobbin 12, Spool Strain Versus Number of Layers
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Bobbin 13. Bobbin 13,which was representative of design number 6,

was wound on a 3.5 inch diameter spool with a cable about 0.012 inch in

diameter; the cable coating was WCC-2. The squeeze test data is shown in

figure 4.3-38. The coating is quite stiff and shows considerable creep with

fair recovery. The spool strain as a function of layer number is shown in

figure 4.3-39. Again, the effect of the creep of the cable is evident.

This bobbin has not yet been payout tested.

Bobbin 14. Bobbin 14 was wound with HRL aluminum-coated cable. The

squeeze test results are shown in figure 4.3-40. Creep recovery is very

slight. There is no data available for spool strain versus layer number.

The initial length of cable was relatively short and, because of difficulties

encountered in winding, the cable was broken during winding. The net result

was that there were only two layers wound, precluding obtaining any meaningful

spool strain data. This bobbin was not subjected to payout testing.

Bobbin 15. The spool strain resulting from winding is shown in figure

4.3-41. The data is remarkably linear. This bobbin has not yet received

payout testing.
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Figure 4.3-38. Bobbin 13, Cable Force-Displacement Characteristics
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Figure 4.3-39. Bobbin 13, Spool Strain Versus Number of Layers
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Figure 4.3-40. Bobbin 14, Cable Force-Displacement Characteristics
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4.4 OPTICAL EVALUATION

The program for the development of the fiber optic cable dispenser

involves the use of short lengths of cable (=l km) for all tests except those

to be conducted in the final phase of the program. This provides a genuine

saving in cost but results in an element of risk to the programsince some

of the mechanisms important to dispenser design do not scale linearly with

cable length. To minimize this risk, attention has been given to define

experiments which will help in understanding these Lonlinear mechanisms.

With this knowledge, full length performance can be predicted based on

measurement data obtained from short lengths of cable. As an example, the

optical attenuation resulting from microbending within the wound spool

increases in a nonlinear manner with cable length. The attenuation in a

given layer increases as the interlayer pressure forcing that layer into

the layer beneath is increased. It is known that the interlayer pressure

increases as the number of layers is increased to accommodate a longer

length of cable. Therefore, the attenuation measured with a short length of

cable is less than the attentuation of the same length and layers of cable

when wound as part of a full-length dispenser.

After a review of various alternatives, a procedure has been selected

to provide an indication of the long-length attenuation based on measurements

with short lengths. This procedure involves winding the short length of

cable on an instrumented spool; this spool is then enclosed in a fixture

which contains a bladder which may be pressurized to simulate the interlayer

pressure from the upper layers in a fully wound bobbin. The equivalent

position of the wound layers depends upon the pressure applied. By determining

the attenuation as a function of pressure, the total attenuation in a fully

wound bobbin can be predicted.

An example of a test fixture used in determining the optical attenua-

tion as a function of interlayer pressure is described in section 4.3,

figure 4.3-5. This fixture was used for evaluating the performance of test

bobbins which were less than 5 inches (0.13 m) in diameter and 6 inches

(0.15 m) in length. The bladder was fabricated from a piece of an automotive

innertube, sealed on the ends with the valve stem attached to the exterior

surface.
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Prior to a review of the data obtained from the use of this technique,

it is appropriate to review some of the potential limitations or uncertainties.

There are several possible sources of error which are inherent in this

approach. Among these error sources are the following:

1. The technique assumes that interlayer pressure is constant over

the full length of a layer. With the type of winding being used,

where each succeeding layer is shorter than the layer beneath,

the center of a layer is subjected to greater pressure than the

ends of the layer. Since the interlayer pressure ascribed to a layer

corresponds to the pressure at the center, and since optical attenu-

ation increases as pressure increases, this assumption will

predict higher attenuation levels than will actually be encountered.

2. The computer models used to predict interlayer pressure for

the full length bobbins assume linear elastic behavior of

any coatings on the cable. Since the elastic parameters can

be determined only approximately with short lengths of cable,

and since most cable coatings tend to exhibit visco-plastic

characteristics, errors in predicted interlayer pressure will

result. The errors in predicted pressure due to uncertainties

in the cable transverse modulus of compression can be either

positive or negative. The errors due to ignoring the visco-

plastic characteristics will result in the predicted pressure

being somewhat greater than the actual interlayer pressure.

3. Errors in the measurements of optical signal attenuation versus

pressure result from various sources. With the technique used

for pressurizing the cable pack, the full length of the spool is

subjected to the applied pressure. There is evidence that the

attenuation at the layer-to-layer transitions may be particularly

sensitive to pressure. In real life, these layer-to-layer tran-

sitions are not subjected to the interlayer pressure, but in the

test they experience full pressure. The resulting attenuation at

the transition causes the overall observed attenuation to be

somewhat greater than the corresponding true attenuation in a full
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length bobbin. In addition, some difficulty has been experienced

in leading the ends of the winding out of the pressure vessel

I without subjecting some local spots to high bending stress which

can add attenuation. Furthermore, with a test bobbin which

consists of a relatively small number of layers, the inner and

outer layers, which experience somewhat unique interface

conditions, represent a relatively large fraction of the total

cable length. Any unusual attenuation conditions which result

from the unique interface conditions can influence the overall

data on attenuation versus pressure. Since the inner surface of

the bladder which is used to pressurize the windings is not

completely smooth, and since there are other non-uniformities

in the interface due to leading out the cable ends, it is expected

that due to these contributions the true excess loss versus pressure

is somewhat less than that indicated by the experiment.

In spite of these limitations on the technique for comparing the

spooling losses of various cables, the technique is believed to represent

the best approach thas far identified. Results of tests conducted to date have

been extremely useful in making program decisions. It must be recognized

that any predictions of full length bobbin attenuation represent a sub-

stantial extrapolation. Nevertheless, the technique is believed to represent

a valuable tool for use at this phase of the program.

To date, optical attenuation measurements have been made on 14 of

the 15 bobbins wound and tested, with cable lengths varying from about 0.5

to 1.2 km. The characteristics of these bobbins and the cables with which

they were wound are indicated in table 4.4-1. Of the 14 bobbins, 12 were of

a configuration suitable for measurement of attenuation versus pressure; the

remaining two bobbins were designed for payout from the inside of the spool.

An inside payout geometry involves substantially smaller and different

pressure distribution throughout the cable pack than is experienced with a

conventional winding geometry. The inside payout geometry is incapable of

supporting high interlayer pressures, hence the attenuation versus pressure

measurement is meaningless and cannot be performed.
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An examination of table 4.4-1 indicates that of the 14 configurations

examined for optical properties to date, only four show any promise of

satisfying the attenuation goal of 60 dB in a 10 km length. Bobbin I, which
utilized a standard production ITT cable with a diameter of 0.020 inch,

extrapolates to a full length attenuation of about 61 dB. Bobbin 6, with

the inside payout geometry, demonstrated about 6.3 dB/km. The extrapolation

of the short length attenuation data for an inside payout bobbin to a full

length bobbin is not as well understood as is the situation with the outside

payout geometry; however, with the inside payout geometry, the attenuation

is expected to scale much more linearly with length than does the outside

4 payout geometry. Assuming linear dependence with length, an attenuation of

about 63 dB is expected for a full length bobbin with the parameters of

bobbin 6.

Bobbins 12, 13, and 15 utilized cables which were specially fabricated

for payout purposes. Of these, bobbins 12 and 15 indicate acceptable or near

acceptable attenuation. The cable for bobbin 13 had a rather high intrinsic

loss; hence, even though the excess loss due to spooling was acceptable, the

high intrinsic loss resulted in an overall attenuation level w.hich was

excessive.

The attenuation data was obtained, for most of the bobbins, using an

optical time delay reflectometer (OTDR). This highly useful instrument,

illustrated in figure 4.4-A is essentially an optical pulse radar which

launches a very short pulse of optical energy down a length of optical fiber
and detects the Rayleigh backscattered energy as a function of time. Since

the Rayleigh scattered light at any point is proportional to the intensity

of the transmitted pulse at that point, the time history of the backscattered

radiation provides a means of determining attenuation as a function of

position along the fiber. The OTDR which has been used for most of the data

gathering operates at a wavelength of 0.9 micron with a pulse length of 130

nanoseconds. It utilizes a Laser Diode Laboratories' LD60 laser as the

transmitter, and an RCA 30818 Avalanche Photo diode with an integral pre-

amplifier as a detector. The backscattered signal is processed through a
logarithmic amplifier. As a result, the slope of the response curve is

4.4-5
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proportional to the attenuation in dB/km. At the end of the fiber, part

of the transmitted pulse undergoes Fresnel reflection; this is readily

observed as a large amplitude response at the end cf the response curve.

! With the test bobbin installed in the pressure vessel and the bladder

pressure at ambient, an end of the fiber (usually the top end was used)

is connected to the OTDR, and a response curve is taken. The bladder

pressure is then increased in steps and additional response curves are

taken. In most cases, the pressure was increased stepwise and then

reduced stepwise in order to obtain data on any hysteresis characteris-

tics which may be present.

To understand more fully the extrapolated attenuation data

presented in table 4.4-1, it is appropriate to review the test and data

analysis procedures in somewhat more detail. Using bobbin 1 as an

example, let us go step by step through the test and analysis sequence.

The OTDR data for bobbin I is presented in figure 4.4-1. Each of

the traces correspond to a particular applied pressure. It may be noted

that the length of the optical fiber under test is about 475 meters in

length. The actual winding involved about 1 km of cable but, due to an

experimental problem, the cable was broken during test very near the

center. The length of the section selected for test was then slightly

less than 0.5 km. At the higher pressure levels, at a position of

165 meters, there is a short region of high attenuation indicated by the

steps in the curves. This region has been traced to a large defect in

the winding which resulted from a large clump of foreign material which

was adhering to the cable. The fact that this winding defect was

observed to cause a very substantial attenuation has made it apparent

that such defects cannot be allowed in the winding. In fact, all

subsequent windings were free of such defects and no similar regions of

high attenuation were observed. In determining the loss for the various

values of applied pressure, the average slopes of the traces between about

200 and 475 meters were used. The resulting data, providing signal attenua-

tion versus applied pressure, is plotted in figure 4.4-2.
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Based on data obtained from the bobbin design studies for interlayer

pressure at each layer and the wound length of each layer, the total

predicted loss in dB may be computed from equation 4.4-1.

N

I, i=l

is telntofthe X lyer44-

where Xi is the length of the ith layer in km, P is the interlayer pressure

at the ith layer, and L(P) is the loss in dB/ki as a function of pressure as

indicated in figure 4.4-2. The values of Xi and Pi are presented in figures

4.4-3 and 4.4-4. The resulting value of total attenuation computed in this

manner for bobbin 1 is 61 dB.

The OTDR data for several other bobbins are presented in figures 4.4-5

through 4.4-14. The detailed analysis conducted for bobbin 1 was not per-

formed for most of the bobbins because it was quite apparent from inspection

that the design was far from satisfying attenuation requirements. It may

be noted from a review of figures 4.4-5 through 4.4-14 that, for some cases,

the range of applied pressure was somewhat less than for bobbin I. In the

case of bobbin 10, this resulted from the fact that the maximum value of

applied pressure for a full length bobbin is only about half of that for the

other configurations. In other cases, the limited range of applied pressure

resulted from the fact that attenuation was increasing so rapidly that

taking of data at the higher pressures was considered to be meaningless.

4.4-9
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Special comment should be made regarding the data for bobbfts 6 and 8

which were designed to be payed out from the inside of the cable pack. With

this geometry, there is no spool on the inside to support the cumulative

* interlayer pressure; hence interlayer pressures must be very small. 
This

geometry is fabricated by winding on a spool and then removing the spool.

This results in an adjustment of the cable pack with the substantial

reduction in interlayer pressure. Since these bobbins were designed to

minimize the interlayer pressure, and since the pressure distribution within

this type of winding is not as well understood as with the conventional

geometry, it was considered meaningless to apply external pressure to these

bobbins. For this reason, only a single OTDR trace is found on figures

4.4-5 and 4.4-7.

It was noted above that only four of the 14 bobbins evaluated

optically show promise for satisfying the overall attenuation requirements.

The optical attenuation characteristics of these four, along with the data

for three less promising candidates, are presented in figure 4.4-15. The

four cables corresponding to the four bottom lines in this figure appear

satisfactory from the standpoint of attenuation for use in full length

bobbins. Of these, one represents the standard production ITT cable

configuration. This cable demonstrated very good optical properties but

is somewhat larger in diameter than desired with a diameter of 0.020 inch

compared to a goal of 0.010 inch. However, it appears that full length

bobbins with up to 0.020 inch cable can be wound within reasonable bobbin

length and diameter constraints. The diameter of the other three

acceptable cable configurations ranges from 0.012 to 0.016 inch which,

although slightly larger than the initial goal, is quite acceptable for

full length bobbin application.

It is significant that for all of the cables acceptable for optical attenua-

tion, except the 0.020 inch diameter cable, the diameter of the fiber core

relative to the fiber diameter has been reduced by a factor of almost two.

This change was made to reduce the sensitivity of the cable to microbending

loss due to winding. The reduction in the core diameter was quite success-

ful in achieving the goal but does invoke a penalty in other areas. Because

of the smaller core diameter, it is somewhat more difficult to launch light
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into the cable which may require somewhat more complex optical coupling

techniques at each end of the cable.

Recognizing that optical attenuation is a very important parameter

in the design of the cable and dispenser, two special bobbin designs were

pursued to determine how much relief in terms of cable microbending loss

susceptibility could be achieved through novel dispenser design. A large

diameter design provides two mechanisms which tend to reduce cable micro-

bending loss. The first of these involves a reduction in interlayer

pressure. As the cable is wound, the force with which a turn is pulled

against the lower turns is proportional to the tension in the cable and

inversely proportional to the diameter on which it is being wound. The

larger spool results in reduced interlayer pressure per layer; in addition,

the larger spool requires fewer layers to achieve the required length,

further reducing interlayer pressure. Secondly, with the large diameter

spool, the number of turns required to wind tne full length is reduced.

Since the number of crossovers within the cable pack, where one turn

crosses diagonally over the turn beneath, is roughly equal to twice the

number of turns, the larger spool results in a reduction in the number of

crossovers. Crossovers are believed to be the sites of microbending where

loss can occur, hence the reduced number of crossovers should result in

reduced signal attenuation.

The second special design involves payout from the inside of the

bobbin. As described above, this approach reduces interlayer pressure by

eliminating the spool at the center of winding, thereby removing the means

of supporting sizeable interlayer pressure. The effect of these designs on

attenuation is illustrated in figure 4.4-16, where cable loss is plotted as

a function of interlayer pressure for a conventional configuration, labeled

3.5 inch diameter spool. All of these bobbins were wound using cable from

the same supply spool, hence uncertainties due to variability of cable

parameters were largely eliminated from the experiment.

From an examination of figure 4.4-16, it is apparent that spool design

can substantially alter the requirements on the cable in terms of sensitivity

to spooling conditions. If on- compares the data for the 3.5 inch diameter
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spool with that for the 8 inch diameter spool, a marked difference is noted.

Both the attenuation value at zero applied pressure and the slope as pressure

is increased are less with the larger spool configuration. If one adds to

this the fact that the maximum interlayer pressure for a full length bobbin

with the large diameter spool is only about one-half of that for the 3.5

inch diameter spool, the marked advantage of the increased diameter may be

recognized.

Of course, the special configurations involve other disadvantages and

risks. For this reason the main stream effort of the program will place

emphasis on the small diameter, conventional geometry dispensers.

It was stated above that most of the OTDR data has been taken at a

wavelength of 0.9 micron. Recently a second OTDR, operating at a wavelength

of 0.85 micron has become available and comparative data has been obtained

on one bobbin. Figure 4.4-17 illustrates this data. It may be noted that

there is a substantial increase in the value of attenuation at zero applied

pressure for the 0.85 micron wavelength, but the two lines are very nearly

parallel. This indicates that the pressure-induced loss is probably almost

independent of wavelength, but the intrinsic attenuation of the cable is

definitely wavelength-sensitive. An increase in the zero pressure attenua-

tion is expected at the shorter wavelength but an increase of 5 dB/km is

somewhat larger than anticipated. The reason for this large increase is not

known at this time. Additional data on tae effect of wavelength on spooling

losses will be obtained.

The effect of temperature on cable attenuation has also been evaluated

for three cable types. ITT conducted tests of attenuation at various tempera-

tures for these cables in a relaxed or loosely spooled condition. These

cables were also wound into bobbins and subjected to temperature extremes.

The results of these tests are plotted in figure 4.4-18. Note that this

figure illustrates the change in attenuation rather than total attenuation.

The data is relative to the initial room temperature attenuation. It is

interesting to note that, for all three cable types, the variation in attenua-

tion is less in the wound bobbin than for the unspooled cable. This trend is

encouraging, but because of the small data sample, it is premature to draw

definite conclusions.
4.4-27
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An additional attenuation mechanism, which has potential impact on

the performance of a fiber optic data link during payout, is the tendency

for excess loss to increase as the cable is placed under tension. Although

this phenomenon is not yet completely understood, it is believed to result

from microbending due to mechanical stresses induced by the cable buffer

material. For payout applications, a certain amount of strain-induced

attenuation in the length of dispensed cable can be beneficial. This is

due to the fact that the loss will tend to offset the increase in signal

due to the elimination of spooling losses. The experiment to evaluate

strain-related and other payout-related effects for this cable involves the

following:

1. The basic optical properties and mechanical characteristics

of the cable must be determined.

2. Strain-induced excess loss of the cable must be measured

prior to any handling of the cable which could alter the

mechanical properties of the buffer.

3. The cable must be wound in a typical geometry for payout,

and subjected to mechanical and high-temperature stress

to cause plastic deformations of the buffer corresponding

to that expected in a full length !(10 km) dispenser.

4. The optical parameters of the cable as wound on the spool

must be measured.

5. The cable must be unwound and the strain-induced excess

loss measured as rapidly as possible after unwinding.

Since the buffer material is expected to exhibit visco-

plastic behavior, it is important to perform the measurement

rapidly in order to determine the cable properties prior to

any substantial change in the shape of the deformations of

the buffer.

A 1.2 km length of standard ITT production cable with a diameter of

0.02 inch (508 microns) was subjected to the full experiment consisting of

all five steps. There was no observable strain-induced attenuation prior
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to or after winding. Several additional samples of cable were subjected

to the measurement of strain-induced loss prior to winding without any

substantial effect being observed. Because of the difficulty and time

required to perform the measurement after spooling, and because there was

no indication of any strain-induced effects with any of the plastic coated

cables, the latter part of the experiment was not performed for the

additional cables. It was concluded that strain-induced attenuation is not

an important phenomenon with the cable types being used.
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5.0 CAdLE REQUIREMENTS

In conjunction with the development of the fiber optic cable dis-

penser, substantial information has become available relative to the

ultimate requirements which must be imposed on the cable as this program

moves from a technology development phase into a full missile development

and production phase. The cable requirements, as specified in the Technical

Requirement in the contract, represent the starting point for the long range

requirements. Data resulting from analysis, tests, and experience obtained

with the TOW missile development and production have served to enlarge and,

in some cases, modify the initial requirements. In some cases, particular

parameters are recognized as needing a specification but data to define the

format and/or numerical values for the requirements are not available. rn

these cases, these requirements are indicated as yet to be defined (TBD).

For purposes of understanding the reasons for the need for a parti-

cular requirement, the cable requirements can be grouped according to the

function which imposes the requirement, In the work done to date, cable

requirements arising from the following functions have been considered:

1. Mechanical - winding, storage, payout

2. Signal propagation - attenuation, pulse dispersion

3. Connector/splice considerations.

5.1 MECHANICAL RELATED REQUIREMENTS

The requirements which arise from the mechanical related functions

are summarized in table 5-1. The nominal values presented are based on a

particular cable design which shows substantial promise for payout purposes;

these parameters would, of course, be changed if a differeni cable were to

be selected. They are included to emphasize that control of such parameters

is important. Even though suitable dispenser designs can be accomplished

over a substantial range of some of these parameters, once the design has

been frozen, the cable parameters must closely conform to the nominal values.
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TABLE 5-I. CABLE REQUIREMENTS -WINDING, STORAGE, PAYOUT

Continuous Length 10 km

Number of Optical Fibers in Cable

Nominal Fiber Diameter .004 i nchi

Fiber Out-of-Roundness d(max)-d(min) <016

Cable Cast-Helix Diameter d~i)>8 inches

Cable Residual Twist 900 /foot max

Nominal Cable Lineal Density 6.7 x 10-5 pounds/foot

ICoating Thickness .004 inch

Coating Concentricity r__________ _ trin >.67
A t(max) -.

D V -Ltmir±

Cable Out-of-Roundness d(max)mn <.008

Cable Average Diameter .012 ±.0002 inch

Maximum Deviation From Average Cable Diameter A~ Dia ±.0083
Ave Dia

Cable Transverse Compressibility Modulus (nominal) 10 KSI

Fiber Tensile Strength >200 KS1

Coating Tensile Strength >1500 PSI

Coating Surface FrLction B

Coating Toughness TBD

Cable Transverse Compressive Creep TBD

Cable Cold Temperature Bending Stiffness Till

Humidity Resistance TBI)

Static Fatigue Resistance TBD

-0 to60C
Storage Temperature Range 0

-800 to 1550 F

-32O to 600 C
Operating Temperature Range 2 O 10F

L~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~-5 to________ 1400_____ F_______________________________________
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Two of the parameters called out, cast and residual twist, are

probably unfamiliar; these parameters are included because of experience

with the TOW missile wire dispenser and relate to nonuniform residual

stresses in the cable due to manufacturing processes. The term "cast"

refers to the diameter of the helix which the cable attempts to form if

relieved of all external forces. This is a measure of the residual bending

stress in the cable. The residual twist is a measure of the residual tor-

sion stress in the cable.

Several of the mechanical-related requirements are yet to be defined.

In fact, probably most of these will not be defined during this program.

This does not imply, however, that these parameters are not important. For

example, static fatigue resistance is believed to be a very important

characteristic of the cable. At this time, however, we cannot define spe-

cific numerical requirements, nor do we even understand the best format

for specifying such requirements.

5.2 SIGNAL TRANSMISSION RELATED REQUIREMENTS

The signal transmission related requirements include pulse dispersion

and attenuation. The contractual technical requirement specifies a maximum

allowable pulse dispersion as 2.0 ns/km. This value is established by the

maximum expected transmission frequency. Since there is no effort in this

contract which involves the definition of transmission bandwidths and fre-

quency, there is no basis to modify this requirement. It is well to empha-

size, however, that the pulse dispersion requirement applies over the full

operating temperature range of -320 C to +600 C.

The specification of required attenuation ciiaracteristics is complex.

Based on state-of-the-art optical transmitter and receiver characteristics

and expected losses in other parts of the transmission path, the maximum

allowable attenuation for the fiber optic cable, either spooled or laid out

straight, is about 60 dB. The spooled state is the most restrictive of

these conditions because of the spooling losses. The total loss of the cable

may be divided into the unspooled losses (referred to as the intrinsic loss)

and the spooling losses (those additional losses which are experienced upon
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winding the cable into a bobbin). Since these two losses are additive, and

since total attenuation is the parameter of interest, there exists a situa-

tion where one type of loss can be traded off against the other type of

loss. For example, consider two cables, one which has relatively high

intrinsic loss but very low sensitivity to spooling stresses, while the

other has very low intrinsic loss but substantial sensitivity to spooling

stresses. If both of these cables satisfy the overall requirement of 60 dB

total attenuation as spooled, then both must be considered as acceptable
from the standpoint of signal attenuation. This ability to interchange

intrinsic loss and spooling loss significantly complicates the matter of

specification.

A scheme has been defined which accounts for the interchangeability

of spooling and intrinsic losses. A loss model has been formulated based on

the observation that the data of loss vers s interlayer pressure appears to

fit a function of the form

c(dB/km) = A + BPC (5-1)

where a is the total attenuation constant, P is the interlaye: pressure. anj

A, B, and C are constants which describe a particular cable. It may be

noted that the parameter A includes the intrinsic loss of the cable plus

contributions from the spooling-induced losses. Based on equation 5-1, we

may describe Li, the loss of the ith layer of the winding, as

Li = ai ki = (A + BPiC) Li (5-2)

where 9i is the length of that layer and Pi is the corresponding interlayer

pressure. The total attenuation of the wound bobbin, Ltotal, is

N N N N
Ltotal = E aiYi = Zi(A+BPiC)= A Z Zi+Btzi Pi C  (5-3)

i =1 i=l i=l

N
where N is the total number of layers. Please note that I i = it, the

i=l1
total length of cable in the wound bobbin.
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The condition for an acceptable cable is that Ltotal is less than

Lo where Lo is the maximum allowable attenuation (Lo = 60 dB for the case

of interest).

Ltotal < (-4)

Combining equations 5-3 and 5-4 yields

NLo - Att < B Z Xi Pi c  (5-5)

i=l

Since Zi and Pi are determined by the bobbin design, for a given bobbin
N

design, the summation E 9i P.
C can be evaluated for various values of C.i=l 1

By evaluating this summation for the particular bobbin design parameters for

various values of C, equation 5-5 provides a functional relationship between

A, B, and C defining the conditions of acceptability. For a given cable,

based on the type of pressure vessel tests described in section 4, the cor-

responding values of A, B, and C may be evaluated todetermine if the cable

conforms to the requirements.

Figure 5-1 illustrates the cable attenuation acceptance criterion

based on bobbin design number 1 (see section 4.2). This design utilizes a

cable 0.020 inch (508 microns) in diameter. The attenuation data obtained

from the use of the corresponding test bobbin has been analyzed to determine

the values of A, B, and C for that cable; these values are also plotted on

figure 5-1. Since the value of A for the cable is 2.07, the location of the

point must be compared with a curve for A - 2.07. Such a curve would fall

slightly below the curve for A - 2.0 which is provided. It appears that the

location of the point falls slightly above the curve location for A = 2.07;

whereas to be acceptable, the point should fall on or below the curve. This

observation is consistent with a predicted total loss for this cable of

61 dB compared to a requirement of 60 dB.

Table 5-1I presents the attenuation parameters for the cables used in

winding test bobbins 1, 12, 13, and 15 which represent the more promising

cable configurations. Since the characteristics of a cable enter into the
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TABLE 5-Il. CABLE ATTENUATION PARAMETERS

Cable A B C

Bobbin 1 2.07 .1076 .71

.020" Hyt/Syl
50 1 core

125 P fiber

Bobbin 12 6.32 .0048 1.0

.016" Hyt/Syl
25 p core

100 p fiber

Bobbin 13 8.58 .0044 1.0

.012" WCC-2
25 p core
100 P fiber

Bobbin 15 3.37 .0074 .966

.012" DeSoto 8

25 p core
100 p fiber
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design of the bobbin utilizing that cable, the cable acceptance criterion

must correspond to the appropriate bobbin configuration. Since the cri-

terion presented in figure 5-1 is based on bobbin 1, the parameters for the

other three cables should not be compared with that particular criterion.

5.3 CONNECTOR RELATED REQUIREMENTS

The contractual technical requirement establishes a design goal for

cable connectors to be provided of 1.5 dB per connector pair. Since con-

nector losses are influenced by various characteristics of the cable, it is

apparent that the connector requirements must be reflected into require-

ments on those particular cable parameters.

Six specific cable parameters have been identified which directly

infiuence connector attenuation. These are fiber diameter fluctuations,

fiber ellipticity, core diameter fluctuations, core eccentincity, core

ellipticity, and numerical aperture fluctuations. In considering loss

mechanisms, effects of core and fiber geometry imperfections have been

treated as though they are independent. In practice, however, some fiber

and core imperfections are closely correlated. For example, fluctuations

of the diameter of the fiber will almost always be accompanied by fluctua-

tions in the diameter of the core. In addition, there can be separate,

independent fluctuations in the diameter of the core. Since, however, the

mechanisms wherein fiber and core diameter fluctuations influence connector

loss are different, it is convenient to consider them separately. At this

time there has been no attempt to establish numerical values for the various

connector-related loss parameters. To do so requires establishing formal

loss budgets, allocating overall connector loss between those mechanisms

which involve cable imperfections and those which involve connector imper-

fections. The technical basis for setting up formalized loss budgets for

the connector does not yet exist. However, as additional data becomes

available and as the program moves from a technology development phase into

a full missile development phase, such loss budgeting will become nepessary.

Our purpose in pursuing this investigation thus far has been to identify the

type of data required and to permit a preliminary assessment as to the

magnitude of cable-related contributions to connector loss. For each of the

six cable parameters which have been identified as influencing connector loss,
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a first order model has been identified relating the parameter to loss.

These mechanisms are as follows:

Fiber diameter fluctuations and fiber ellipticity influence the

functioning of the connector alignment mechanism. Short term diameter fluc-

tuations can permit lateral and angular misalignments in any direction

while ellipticity can result in misalignments in or about a particular axis.

The magnitudes of any misalignments resulting from fiber diameter fluctua-

tions or ellipticity depend upon the detailed design of the connector.

Substantial data exists in the literature on the effect of connector lateral

and angular misalignments on loss.

The loss resulting from core diameter fluctuations has been evaluated

based on the assumption of uniform power distribution across the core. If

two cores are perfectly aligned at a connector with energy propagating from

a larger core to the smaller core, part of the energy contained in the

larger core will be coupled into the cladding of the second fiber and

becomes lost. The ratio of transmitted power then is the ratio of the

squares of the two diameters and the resulting loss due to core diameter

fluctuations is

(dc \2
Ldc = 10 log d(5-)

where dc2 and dc, are the smaller and larger core diameters.

The loss due to core eccentricity has been evaluated based on the

assumptions of uniform power distribution in the core and perfect alignment

of the fibers. Core eccentricity can result in a lateral offset between

cores; however, for a given eccentricity e, in each cable, the magnitude of

the lateral offset is statistically distributed between zero and 2r as one

cable is rotated relative to the other. Hence, for a given eccentricity,

the magnitude of the resulting loss is random. Since the magnitude of e is

also statistically distributed, the evaluation of the mean and standard

deviation of theexpected offset is somewhat complex.
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The mechanism for the loss due to core ellipticity is simple to

visualize but somewhat more complex to evaluate. Again, for assumptions

of perfect fiber alignment and uniform energy distribution in the core, the

loss due to this mechanism has been evaluated. With two identical ellipti-

cally shaped cores whose centers are aligned, but whose major axes are

misaligned, the transmission across the connector is proportional to the

ratio of the area of overlap to the total area of the ellipse. Since the

angle of misalignment between major axes of the ellipses is randomly dis-

tributed, a given ellipticity results in a random value of attenuation.

Since both the magnitude of the ellipticity and the angular misalignment

are random, the evaluation of the statistical properties of the attenuation

due to core ellipticity is somewhat complicated. Using graphical integra-

tion techniques, the variation in area of overlap between two identical

ellipses was evaluated as a function of the angle of misalignment for

various ratios of major and minor axes. Equation 5-7 was found to provide

a reasonably good fit of the data

a/atot = 1 - A sin 6 (5-7)

where A is a function of the ratio of the axes of the ellipse and 0 is the

angle of misalignment. Assuming a uniform distribution of 0, the mean and

standard deviation for a/atot was computed.

The loss due to fluctuations in the numerical aperture of the fiber

is quite simple to evaluate on the assumption of uniform distribution of the

energy in the various modes and across the core. Since the maximum angle of

propagation measured from the fiber axis in a fiber is

8max = sin - 1 (N.A.) (5-8)

where N.A. is the numerical aperture of the fiber, a mismatch of numerical

apertures at a connector will result in a condition where guided high order

modes in one fiber become radiated modes in the fiber across the junction

with the lower N.A. By comparing the surface area of overlap on a unit

sphere of the two circles subtended by the two maximum angles of propaga-

tion. we conclude that the loss due to variations in numerical aperture is
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LN.A. - 10 log .i) (59)

where N.A.2 and N.A.1 are the smaller and larger values of numerical aper-

ture for the two fibers.

Where available, data has been gathered on the magnitudes of the

imperfections of the various cable characteristics which influence connector

loss. This data is presented in table 5-111 for both ITT and Hughes

Research Laboratories manufactured cables. Since, during the program to

date various sizes of cables have been examined, the data has been normal-

ized by dividing the values of all data for a particular cable by the maxi-

mum value of that parameter for that cable. For example, for the data for

fiber diameter fluctuations, usually diameter data is available for each

end of the cable. In this case, the values for each of the two measurements

would be divided by the larger value yielding normalized values of 1.0 and

a number less than 1. If a cable had been divided into two lengths with

measurement data available for each end, four normalized values would

result with the largest of 1.0 and three values less than 1.

Table 5-I1 also contains an estimate of the connector loss directly

attributable to the particular cable characteristic where such an evaluation

could be made. For purposes of simplicity in most cases, the value of the

loss corresponding to the mean value of cable parameters was computed. An

examination of the resulting values for the loss contributors is somewhat

encouraging in that there are no extremely large values which would preclude

achieving the overall goal of 1.5 dB per connector pair. The value of

0.34 dB for core diameter fluctuations represents the largest value obtained:

this value is sufficiently large to cause some concern but when combined

with the other values which are substantially smaller, it is believed that

no great difficulty should result from the cable characteristics as

observable thus far.
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TABLE 5-111. CABLE PARAMETERS INFLUENCING CONNECTOR LOSS

Characteristic

Parameter ITT HRL

Mean a LdB Mean _ LdB

Fiber Dia Fluctuations .973 .023 * --

(di/dmax)

Fiber Ellipticity - .997 .007

(dmin/dmax)

Core Dia Fluctuations .962 .038 .34 -

(dci/dc max)

Core Eccentricity - .0082 .0065 .02

(E/dc)

Core Ellipticity .94 .056 .13 .943 .029 .13

(dc min/dc max)

Numerical Aperture Fluctuations - - - - - -

(N.A.i/N.A.max)

*Loss depends upon connector design.
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6.0 ROCKET SLED TEST INSTRUMENTATION

The rocket sled test instrumentation equipment is being designed md

will be fabricated by ITT-EOPD on a subcontract to Hughes Aircraft Company.

This instrumentation link consists of the fiber optic cable payout dis-

penser under development, an optical transmitter located on the rocket sled,

and a receiver located in a ground station. This link will monitor the

optical signal in an attempt to identify characteristics that could affe~t

the ability of the dispenser to function as a control link in an operational

environment. The transmitter and payout dispenser will be mounted within

a simulated missile airframe which is attached to a rocket sled. The

optical fiber developed in this program will interconnect the transmitter

and receiver.

6.1 INSTRUMENTATION DESIGN

The instrumentation package consists of a fiber optic transmitter,

figure 6-1, and a receiver, figure 6-2. This link provides the capability

of transmitting a constant amplitude carrier; any variations of the ampli-

tude can be monitored at the receiver. These amplitude fluctuations, if

any exist, will be monitored at the receiver and are attributable to the

payout dynamics. Using synchronization pulses derived from the 1 MHz

carrier, the receiver has the capability of providing a standard television

signal format to permit recording and viewing of the carrier one frame at

a time or at various repetition rates up to the actual speed, through the

use of a video recorder. In addition, the received data will be peak

detected and recorded on the audio channel of the video recorder.

An optically stabilized laser, designed and built by ITT-Electro

Optical Products Division, will transmit a pulse train of approximately

1 MHz at 0 dBm into the fiber. With a nominal receiver sensitivity of

0.2 pw, this leaves a link loss budget of 67 dB. The receiver pre-amp con-

sists of an RCA C30921F avalanche photo diode feeding a transimpedance front

end followed by two fixed gain stages. The proposed system link budget is

outlined in table 6-I.
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TABLE 6-I. LINK BUDGET

Laser Output (average) 0 dBm

Receiver Sensitivity (25 dB Signal (p-p)/Noise) -67 dBm

Available Link Margin 67 dB

Beamsplitter Loss 1.0 dB

Splice Losses (at 0.5 dB) 1.0 dB

Cable (10 km at 6.0 dB/km) 60 dB

Excess Margin 5 dB

6.2 PACKAGING

The transmitter unit will be packaged to survive the operational

environment during rocket sled payout tests. The receiver package is

designed for mounting in a 19-inch rack. Preliminary vibration tests were

performed on critical components within the transmitter unit. The coupled

laser and coupled laser plus beamsplitter were sinusoidally vibrated

between 5 to 2000 Hz at 5 g's for one hour. A constant signal output was

monitored during the vibration test. No vibration-induced modulation

occurred in either the coupled laser or coupled laser plus beamsplitter

combinations. Care was taken to encapsulate the optical fiber to the

mounting board for both configurations. This technique will be employed

in the hardware to be delivered.

The ground station receiver unit consists of a fiber optic receiver

circuit board, a synchronization circuit board, a power supply module, and

a video recorder. The two circuit boards and the power supply module will

he housed in a standard 19 inch rack-mount chassis. The chassis panel

height is 3-1/2 inches. All outside connections will be made on the front

panel with the exception of a power cord which will mount on the rear panel.

The video recorder will sit on a rack mountable shelf.

The transmitter unit consists of an electronics/fiber optic circuit

board, a vibration damper, a circuit board mounting plate, energy absorbing

RTV, and a frame.
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The circuit board is made from 1/8-inch copper-clad FR-4/GlO and has

a natural frequency of approximately 2150 Hz. The fiber optic components

will be bonded to the board and encapsulated with epoxy. The circuit card

is backed with a Barry circuit board damper. This damper is a combination

of visoelastic material and a fiberglass restraining layer. The circuit

board is attached to the circuit board mounting plate with machine screws

and lock nuts. The damping material is sandwiched between the circuit

board and the mounting plate. The circuit board mounting plate is made

from 1/4 inch aluminum plate and has a natural frequency of approximately

2400 Hz. The mounting plate with circuit board and damping material

attached is installed on the frame with machine screws. The frame is an

open rectangle made from 3/4-inch aluminum plate. It has 1/4-20 tapped

mounting holes and a natural frequency of approximately 2800 Hz.
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7.0 CONCLUSIONS

The basic conclusions, which are indicated by the results to date,

are reviewed in some detail in the previous sections. For convenience,

a few key conclusions discussed in those sections are summarized here.

It is important to recognize that these conclusions, although based on

actual test results, must still be considered as tentative or qualified.

The work to date is believed to have laid a good foundation for making

the technical decisions necessary for program direction and for identifying

key technical questions and approaches; however, there is still much work

to be done. The technology associated with the high speed payout of

optical fibers is at a very early stage; virtually every question that is

answered raises new questions. Regardless of this situation, it is

believed that the following conclusions may be reached with some confi-

dence.

1. It is tentatively concluded that fiber optic cables can be

fabricated to possess attenuation characteristics when spooled, And that

spooled cables are suitable for use in lengths at least up to 10 km.

This conclusion is based on test data obtained using test bobbins with

short lengths (=l km) of cable plus analytical techniques which permit

the prediction of the attenuation in long cable lengths when wound with

geometry similar to that of the test bobbin. Since the long cable

lengths are not yet available for confirmation, this conclusion must be

qualified, but there is a definite indication that suitable fiber optic

cables can be fabricated. It is significant that, in order to achieve

suitable small diameter cables, it was necessary to alter some of the

key optical parameters such as core diameter, and numerical aperture.

In addition, the cable diameter was increased from the goal of 254

microns (0.010 inch) to 305 microns (0.012 inch). At this point,

it cannot be concluded that a suitable 254-micron (0.010-inch) cable

cannot be achieved. Because of the design sequence which was used, the

revised optical parameters were not introduced until after the cable

diameter had been increased to 305 microns (0.012 inch). When the
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combination of 30J-micron cable with revised optical parameters indicated

suitable characteristics, there was insufficient time and resources

remaining to prepare and evaluate cable with the revised optical parameters

and a 254-micron (0.010-inch) diameter.

2. It is tentatively concluded that the basic cable configurations

are suitable for high speed payout and that adequate strength can be

achieved. At the time of this report, the maximum successful payoUt speed

taat has been achieved in this program is about 90 percent of the program

goal of 183 m/s (600 ft/sec). The fact that substantial lengths (=0.5 km)

have been payed out at this speed indicates that these cables can with-

stand the bending and tensile loads to which they are exposed during high

speed payout. Currently cables are being prooftested to a level of 200

kpsi based on the cross-sectional area of the glass fiber. It is believed

that this level is quite adequate for pa'out at 100 percent of the contract

goal.

3. The strong interaction between bobbin design and cable require-

ments has been demonstrated. This relationship was suspected at the

outset of the program, but has now been illustrated. For example, the

resulting attenuation levels of three substantially different bobbin

configurations (which had been wound using identical cable samples) were

significantly different, indicating the importance of this inter-

relationship.

4. Although it is desirable to reach a favorable conclusion at this

time regarding the long term storability of the wound bobbins as deter-

mined by static fatigue mechanism, such a conclusion cannot yet be made.

There is some evidence to support that conclusion but the data is aot yet

definite. It appears that a suitable storage life for laboratory testing

and flight test purposes is available. The question of storage lifetimes

of 5, 10, or 15 years has not yet been answered, nor is it expected to be

answered within this current program.

5. In summary, with the possible exception of the question of long-

term storage life, it is tentatively concluded that the overall concept
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involving the high speed payout of a fiber optic cable for a data link

to a rapidly moving vehicle is feasible. To date, many questions have

been examined with favorable results; although negative results have

been experienced, such results have served to indicate that a certain

solution was not suitable. At no time has there been a result which has

tended to indicate that a particular function was infeasible. For this

reason, it is believed that the basic concept is sound and that, even

though much work remains to be done to design a functional system, a

system with these capabilities can be designed.
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